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ABSTRACT
The discovery of high critical temperature superconductors (HTSC) has raised 
the temperature at which the greatly reduced surface resistance, characteristic of 
superconducting materials, may be exploited. For microwave frequencies below 100 
GHz, the surface resistance, R t , at liquid nitrogen temperatures (77K )  of the new 
HTSC materials is found to be better than copper measured at the same tempera­
ture and frequency. Consequently, the miniaturization of passive microwave compo­
nents will be among the first applications of these new materials. This dissertation 
details the development, testing and evaluation of a superconducting compact hy­
drogen maser resonator made from electrophoretic Y\Ba,2Cu$Ot~6 (YBCO). Such 
a resonator could sustain active maser oscillation and would therefore be a an excel­
lent compact frequency source. This compact maser could yield significant volume 
and weight savings for space applications where masers are used as frequency stan­
dards. The compact resonator is a loop-gap (split-ring) lumped element resonator 
similar to that previously suggested for compact maser applications. This resonator 
is made superconducting using an electrophoretic process developed for the deposi­
tion of thick film polycrystalline HTSC on large non-planar metallic substrates. The 
low R s of the YBCO deposited onto the surface of the electrode loading structure, 
inside of the loop-gap resonator, yields cavity quality factors comparable to those of 
the much larger TE0u  maser resonator but in a much smaller package. The fields
of the loop-gap resonator are uniform in the hydrogen interaction region. However, 
in the neighborhood of the electrodes, the fields are analogous to the TEM fields 
associated with stripline geometries. These microwave fields have been investigated 
by numerical analysis and the dependence of the filling factor, (r/) and the cav­
ity quality factor, (Qc), as a function of the cavity dimensions is discussed. With 
this information, the cavity design has been optimized to find the cavity size and 
shape that will yield the lowest Allan deviation with respect to the random thermal 
frequency fluctuations.
A SUPERCONDUCTING COMPACT HYDROGEN 
MASER RESONATOR
2CHAPTER 1
1 Introduction
With the discovery of high critical temperature superconductors (HTSC), de­
velopment of a new class of superconducting devices which operate at 77 K  is now
feasible. This opens new opportunities for commercial application as existing su-
/
perconducting devices are re-developed with HTSC material and new devices are 
invented. The miniaturization of microwave components has become one of the 
first applications of these new materials. Using the HTSC materials, miniaturized 
antennae [1], filters [2], stripline [2] and cavity [16] resonators have been developed 
and tested.
To stimulate and support research and production of HTSC devices, the Naval 
Research Laboratory has sponsored the High Temperature Superconducting Space 
Experiment (HTSSE). During this test, superconducting devices will be placed 
aboard a satellite scheduled for future launch and monitored throughout the space 
flight to determine the effects of space environment on the HTSC materials. Two 
loop-gap cavities (described in this thesis) have been constructed, tested and deliv­
ered to NRL for this program; one of which will be assembled into the satellite test 
system.
One particularly interesting application of HTSC’s is the construction of a 
compact superconducting hydrogen maser resonator. It has been reported that a
3loop-gap resonator is well suited as a miniaturized hydrogen maser resonator [3]. 
However, as the size of the resonator is reduced, the resonator quality factor is also 
reduced. The reduction of the quality factor is enough that such a maser cannot 
sustain self oscillation. The suggested solution is that the compact maser resonator 
be constructed from the HTSC YiBa2Cua0 7 ~6(YBC0 ) [4]. If the cavity quality 
factor of the superconducting maser resonator were nearly as large as the full size 
TEon  maser resonator quality factor, then the maser could sustain self oscillation.
The motivation to reduce the size of a hydrogen maser comes from the unique 
capability of a hydrogen maser to provide a very stable frequency based on the 
fundamental transition frequency between the hydrogen hyperfine states. A sta­
ble frequency source is the heart of navigation systems like the Navstar Global 
Positioning System (GPS) , coordinated very long baseline interferometry (VLBI) 
and time keeping standards. The size and weight of a ground based frequency 
source is not as critical as the size and weight of space based frequency sources. 
The economics of launching full size hydrogen frequency standards for programs 
like GPS is prohibitive. The largest component of a full size hydrogen maser is 
the TE qh 1.420G H z cylindrical cavity resonator with its vacuum container and 
magnetic shields. These components form a cylindrical package 45cm in diameter 
and about 50cm tall. Currently, GPS uses cesium frequency standards that are 
significantly smaller than masers but are also less stable. Whereas masers have a 
fractional frequency stability of parts in 1016, a small cesium standard is stable to 
parts in 1013. By using the compact maser resonator, the cylindrical cavity would
4be about 10cm in length and diameter but with the stability of a hydrogen maser, 
as will be shown in this dissertation.
This compact resonator is a loop-gap (split-ring) lumped element resonator 
similar to that suggested for compact maser applications [3]. This resonator is 
made superconducting using an electrophoretic process developed for the deposition 
of thick film polycrystalline HTSC on large non-planar metallic substrates [24]. 
As a result of this thesis, the low surface resistance, R ay of the YBCO deposited 
onto the surface of the electrode loading structure inside of the loop-gap resonator 
was found to yield cavity quality factors comparable to those of the much larger 
TEon  maser resonator but in a much smaller package. The rf magnetic fields of 
the loop-gap resonator are uniform in the hydrogen interaction region. However, 
in the neighborhood of the electrodes, the fields are analogous to the TEM fields 
associated with stripline geometries. These microwave fields have been investigated 
by numerical analysis and relationships for the filling factor, rj' and the cavity 
quality factor, Qc were calculated as a function of the cavity dimensions. Given 
this information, the cavity design may be optimized to find the cavity size and 
shape that will yield the lowest Allan deviation with respect to the random thermal 
frequency fluctuations.
The HTSC material YBCO is superconducting at temperatures below the 92K  
critical temperature. To operate the maser with the superconducting resonator 
the maser parameters for this temperature environment need to be calculated and 
the effects that these will have on maser performance must be addressed. To date,
5there are no operating masers at liquid nitrogen temperatures although this has been 
attempted [5,6]. The challenge for 77K  masers lies in the solution of the temperature 
control problem. It is the interaction of the hydrogen with the teflon surfaces in the 
maser that make the 77K  maser especially sensitive to temperature fluctuations. 
Consequently, the temperature control requirements have been calculated for the 
particular geometry of the loop-gap resonator design.
At the time that this work began, there existed reports in literature about 
compact hydrogen maser development, the effects of teflon and hydrogen in a 77K  
maser were already measured, the fields of the loop-gap resonator were still under 
investigation and the HTSC’s were new and not as well characterized as they are 
today. In this document, all of these topics are brought together to solve one 
problem: is the development of a high precision oscillating compact hydrogen maser 
feasible using the HTSC materials.
In the following, the development, testing and evaluation of a superconduct­
ing compact maser resonator made from electrophoretic YBCO are described. The 
topics of superconductivity, hydrogen masers and stability measurements are intro­
duced in section 2. In section 3, the construction and electrophoretic deposition 
for the loop-gap resonator are described and the measured results are given. Sec­
tion 4 covers the evaluation of the loop-gap resonator as a maser resonator at 77K. 
This includes noise measurements, frequency shifts and relaxation rate calculations 
and the calculated frequency sensitivity of temperature fluctuations. In section 5, 
the electromagnetic fields of the loop-gap resonant mode are described and from
these field descriptions, the loop-gap design is optimized with respect to frequency 
stability. Section 6 summarizes the results and conclusions from this work.
CHAPTER 2
7
2.1 Superconductivity
Superconductivity was first discovered by H. Kamerlingh Onnes, more than eighty 
years ago [68]. What he discovered was the complete loss of dc resistance in a 
metallic sample when the temperature of the sample was lowered below a critical 
transition temperature, Tc. This zero resistivity phenomenon has since been found 
to be a property of most of the non-magnetically ordered metals and thousands of 
alloys [7]. The properties of superconductors axe: zero resistivity for currents below 
a critical value, Jc, and perfect diamagnetism in applied fields that are not above a 
critical field value, Hc [7],
Before 1986, superconductivity was strictly a low temperature phenomenon in 
which the highest Tc’s were near 20K. The discovery by Bednorz and Mueller of 
a new class of superconductors has led to the development of materials with Tc’s 
up to 125K  [8,72]; which is well above the 77K  boiling point of liquid nitrogen. 
For application, the HTSCs offer the reduced losses and persistent currents found 
in low temperature superconductors but without the required expense of liquid 
helium cryogenics.
Some of the first applications of the HTSC materials will be as passive mi­
crowave components [1,9]. From this class of high temperature superconductors, 
YBCO (Tc — 92K)  is often preferred for application because of its phase purity
and sharp rf transition [9]. At low power levels, polycrystalline YBCO has already 
been measured to have lower rf losses than copper at 77K  and at frequencies below 
50GHz  [10].
Generally, the HTSC’s (YBCO) are manufactured as either bulk material, thick 
films or thin films. The bulk material is the sintered ceramic superconductor con­
sisting of randomly oriented grains. Bulk material is not a likely candidate for 
applications because the oxide superconductor material is difficult to produce, ma­
chine, and handle in the ceramic form. Thick films use the mechanical properties of 
the substrate for form and strength. These films are granular but can be textured 
in a variety of ways (electrophoretic magnetic texturing [24], melt texturing on zir- 
conia [10], or ‘sinter texturing* on silver [28], to name a few). Since the HTSCs 
are anisotropic, the orientaion is designed to take advantage of the superior current 
carrying properties of the crystallographic a — b plane. The texturing of the thick 
films orients the c-axis of the material perpendicular to the plane in which the dc or 
rf currents will flow,.thereby improving the superconducting properties. In general, 
the thin films are highly oriented epitaxial films on single crystal substrates. The 
thin films have fewer defects and grain boundaries than the thick films, as the sub­
strate surface orients the superconducting crystal axes by matching the substrate 
and film lattice spacing.
The thin films exhibit the best superconducting properties of the three types 
mentioned above [70]. The thin films on single crystal substrates show great poten­
tial for applications to planar passive microwave components. The lowest surface
9resistance, dc magnetic field sensitivity, rf power sensitivity and the highest current 
carrying capacity is measured with thin films. Unfortunately, with today’s level of 
technology, the thin films are restricted to planar structures. Therefore, for appli­
cation to large non-planar surfaces, textured thick films are the best alternative.
In this introduction, properties of superconductors are reviewed and a phe­
nomenological two fluid model is described [69]. This two fluid model takes into ac­
count the granular nature of the HTSC materials. The grains and grain boundaries 
are described by lumped element circuit components that represent the inductive 
and resistive nature of the material. This model will be needed to interpret the 
response of the maser resonator to magnetic microwave fields at the surface of the 
YBCO (section 3.2).
Two Fluid M odel
This development of the two fluid model can be used to describe the electrodynamic 
behavior of the granular superconductors. In superconductors, it is presumed that a 
fraction of the electrons are in the low energy superconducting state and that these 
superconducting electrons do not make collisions. It is further assumed that the 
characteristic lengths of the material are related by, £, / A/. £ is the spatial range
of phase coherence of the superconducting electron wave function, I is the electron 
mean free path, and A; is the depth of field penetration into a superconductor. With 
these assumptions, the depth of field penetration is much larger than characteristic 
lengths of either the normal or superconducting electrons and local electrodynamics 
may be used.
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The fields are limited to the penetration depth because the motion of the 
superconducting electron pairs screen the fields from entering the superconductor. 
If there is no damping effects retarding the motion of the superconducting charge 
carriers, then one may write [11],
=  e*E , (2.1.1)
where m* and e* are the mass and charge of the paired electrons, respectively
and E  is the field induced in the surface of the superconductor. When na is the
number density of the superconducting charge carriers, the current density of the 
superconducting electrons can be written as
J3 =  nse*v . (2.1.2)
Combining equations (2.1.1) and (2.1.2) yields
S  =  , (2.1.3)
where
717*
A =  ^  =  . (2.1.4)
where is the London penetration depth.
The above results can be used to explain the dc resistivity measured in super­
conductors. For dc currents, the superconducting current will be time independent 
and the derivative in equation (2.1.3) will equal zero, implying that E — 0 . Since 
ohmic losses can be described by the normal electron current density Jn and Ohm’s 
law,
Jn =  <JnE , (2.1.5)
11
a time independent J8 implies that Jn =  0. Thus, dc currents are carried completely 
by the superconducting electrons.
When the time dependence of the fields is sinusoidal with freequency w, equa­
tion (2.1.3) becomes
E  =  A(*w)£ . (2.1.6)
Equation (2.1.6) can be interpreted in terms of Ohm’s law,
/ .  =  i a j  =  - i  ( ^ )  E  , (2.1.7)\  urn J
where a8 is the superconducting conductivity. In general, there will be normal 
conducting electrons as well as superconducting electrons. The total current density
J =  Jn +  Ja , (2.1.8)
where Jn is the normal conducting current density. Including the normal conducting 
electrons in equation (2.1.7) yields,
J  — (cm -  i v a)E; <rn =  n”e T , (2.1.9)m
and crn is in the familiar form of the Drude model of conductivity. The complex 
conductivity of the superconductor can be defined as
_ _ . nne2r  ,nae*2
a  =  crn — za8 — ----------- 1----------, (2.1.10)
m m*u)
where each term describes a ‘fluid’ of electrons in the metal and thus a two fluid 
model. This approach is valid in the local limit, where the spatial range of phase 
coherence in the superconducting electron wave function is small compared to the 
London penetration depth [9].
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The behavior of superconductors in high frequency electro-magnetic fields can 
be characterized by the surface impedance Za, where [32]
<“ •»>
Equation (2.1.10) can be used to separate Za into real and imaginary components, 
such that
Za — Ra — iX a . (2.1.12)
When <ra a n, X a is the surface reactance and can be written as
X a ~  w/i„Az, , (2.1.13a)
and Ra is the surface resistance,
-  |^oW2A|,<7n . (2.1.136)
From equation (2.1.13b) the frequency dependence of the surface resistance is found 
to be proportional to u 2, which is the expected result. Also, the surface resistance 
will be proportional to the the number density of normal electrons through the <rn 
term (<jn ~ n „  ).
The temperature dependence of the surface impedance is a result of the tem­
perature dependence of A/, and crn. Close to Tc, the temperature dependence of 
n„ can be obtained from the Gorter and Casimir model with n„ proportional to
<4, where t  is the reduced temperature t  =  T/Tc [68]. This gives the temperature
dependence of the London penetration depth as
Al(T)=^ P i ■ ( 2 - 1 - 1 4 )
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For the low temperature superconductors (i.e. Nb, Pb, Hg, ...) the surface 
resistance drops about two orders of magnitude as the temperature is lowered from 
the normal state to just below Tc. This sharp decrease in R a is a result of the 
penetration depth being much smaller than the normal state skin depth. As the 
temperature is decreased further, A/ becomes constant but the surface resistance 
follows the exponential temperature dependence of the normal electrons condensing
A
to the lower energy state according to the Boltzman factor Here A  is the
electron excitation energy. As T  —* 0, R a reaches a level of residual resistance that 
is nearly temperature independent [9], At the lower temperatures, oa <rn and 
this two fluid model remains valid [9].
For the HTSC material, the condition that the imaginary part of the conduc­
tivity is much greater than the real part is not clearly met in every circumstance. In 
the HTSC materials there is a large residual Ra component that can remain finite 
and quite large even at 4.2jK. At 21 G H z  and 4 .2K  a magnetically textured elec­
trophoretic sample was measured and found to have real and imaginary conductivity 
components of similar magnitude (<rn =  1.1 x 107/f lm  and <xa =  3.9 X 107/Q,m) [9]. 
The measurement of R a and X a is detailed in reference [9].
For the evaluation of the hydrogen maser resonator, the frequency of interest 
is 1.42GHz. According to equation (2.1.10), crn is independent of frequency while 
a a is inversely proportional to a?. Therefore, if the sample measured at 21 G H z  was 
then measured at 1.42GHz, <j s should be about 15 times larger, while <rn would 
remain the same.
The large residual R s in the HTSC material is quite likely caused by the granu­
larity and defects in the bulk of the material [9]. All of the HTSC materials are more 
sensitive to applied dc and rf magnetic fields than the LTSC’s. Evidence that grain 
boundaries axe at least partially responsible for the R a is found by comparing single 
crystalline thin films of YBCO and polycrystalline thick YBCO films. The surface 
resistance of single crystalline films show little or no magnetic field dependence, 
whereas the R a of polycrystalline films is very sensitive to the presence of fields [9]. 
The grain boundaries are presumed to act as Josephson junctions whose critical 
current is a function of the applied magnetic field [69]. Therefore, the two fluid 
model above cannot describe this behavior and needs to be augmented to include 
this effect.
A phenomenological supplement to the two fluid model has been proposed by A. 
Portis and M. Hein for polycrystalline materials [69]. This supplement is expected 
to be valid in temperature regions where the grain boundary contribution to the 
losses is dominant. In this model, the grain boundaries, influence of rf fields and 
the effects of dc fields have been considered. The response of the superconductor 
is modelled as a lumped element circuit whose inductivity and resistivity describes 
the macroscopic response of the material [69]. The effective medium inductivity 
and resistivity are given in terms of the effective medium penetration depth A2 , the 
macroscopic critical current Jc, grain diameter d and Josephson junction inductivity
10
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Figure 2 .1 .1  Best published results of YBCO on LaAIOz (full circles) compared 
with textured thick YBCO films (open circles). The point labled as number 6 refers 
to refers to the superconducting electrodes used in the compact maser resonator. 
The other references are listed elsewhere [73].
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According to this model, Za can be written as [69],
Za =  —iwHoXz ^1 +  ~ , (2.1.15)
where A2  is the macroscopic penetration depth due to Josephson junctions (grain 
boundaries), and Jc is the macroscopic critical current. When Hrf  is small, equation 
(2.1.15) can be expanded for low rf surface magnetic fields H rf  yielding,
t> u n 0Hrf
R ' ~ ~ 2 j r '
(2.1.16)
and
H r f V (2.1.17)1+1/8 feu
As Hrf  is increased, then the change in X s will be much smaller than the change 
in R a and therefore, the slope of the change of R a versus X a is
a x 1 =  i h i L  
A Ra 4 A2 Jc < 1  . (2.1.18)
For very high fields, equation (2.1.15) can be expanded to give [69],
2 ^r / )
1/2 1 /  2ALlf
2 \d / i0A2J
J c \ r
H r f )
(2.1.19)
and
X a w a?/i£ (
X2H r f \ 1/2 
2 Jc )
1 + 1 (  2ALljJc V8 \ d H o \ 2 H r f ) (2.1.20)
As Hrf  increases further, R a is proportional to H^j2 and X„ is nearly equal to 
R a. It will be shown in section 5.1 of this dissertation that the surface rf fields of
the loop-gap resonantor become extremely large at the upper and lower edges of
17
the electrodes and the high field expression for the impedance is appropriate for 
describing the measured results.
Also from equation (2.1.15), the dependence of R a on the frequency w is found 
to be linear and not proportional to io2 as with losses that are not dominated by 
grain boundaries. The trend of best polycrystalline R a data plotted as a function 
of frequency indicates that at 77K , Ra oc w and at 4.2K , R a a w 2. This is shown 
in figure 2.1.1.
From equations (2.1.16), (2.1.17), (2.1.18) and (2.1.19), the response of the 
superconductors surface resistance to microwave surface fields can be interpreted 
in terms of this extended two fluid model. Usually, for the polycrystalline YBCO, 
R a exhibits a critical state behavior where the surface resistance as a function of 
the surface fields remains constant up to a critical value. As the rf surface fields 
are increased past this value, R a increases sharply [64]. This sharp increase is 
qualitatively represented in equation (2.1.16) where Ra a  Hrf~ Further increases 
in the magnetic microwave fields brings the YBCO into a saturated state where R„ 
is somewhat less dependent on Hrf  [33]. At these high fields, R a a
F igure 2 .2 .1  The e n e rg y  levels of the ground state hydrogen atom in an external 
magnetic field B. If B  is small, then the energy level E rir  corresponds to the 
| F  =  1, m  =  0 ) state and E jv corresponds to the | F  =  0, m =  0 ) state.
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(2.2) D escription  o f  M aser O peration
A hydrogen maser frequency standard is based on the stimulated hyperfine magnetic 
dipole transition from the |F  =  l ,m /  =  0) triplet state to the \F =  0 ,m / =  0) 
singlet state, corresponding to a frequency of 1,420,405,751.769 ±0.002iTz. For the 
configuration where the rf magnetic field is parallel to the applied dc magnetic field 
direction, the transition where A F  =  1 and Am/  =  0 is the only allowed transition 
and all others are forbidden, according to the selection rules.
Figure 2.2.1 shows the energy levels of the hyperfine Zeeman states as a function 
of magnetic field. The notations used in this diagram are from reference [65], where 
the energy levels of the hydrogen hyperfine states are derived. In figure 2.2.1, E j  
and Ejj are the IF =  l ,m /  =  1) and |F  =  l ,m /  =  —1) triplet states, respectively. 
When the these two triplet states can be ignored (because of the selection rules), 
the system is simplified to a transition between two energy levels, with values Ei 
and E2, with E 2 >  E\.  For hydrogen, the upper energy level corresponds to the 
remaining triplet state and E\ represents the singlet state. Now consider a large 
number of atoms, where the number of particles with the energies E\ and E 2 is ni 
and ri2 , respectively. At thermal equilibrium, the number of particles in the higher 
energy state is
n2 =  m  exp - — . (2.2.1)
In the presence of electromagnetic radiation with the frequency v  given by
v  =  ( E t - E x )  _ ( 2 2 2 )
the power absorbed by the system of atoms is given in terms of the transition
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probability as
Pa  =  Wi2ni h v . (2.2.3)
The transition probability W12 describes transitions from state 1 to 2 by the induced 
absorbtion of a photon from the radiation field. The power emitted by the atoms 
due to stimulated emission of the atoms is given by
PE =  \V2in 2hv . (2.2.4)
If spontaneous transitions are neglected so that W12 — W21, then the net power 
emitted from the atoms will be
Pe — Pa =  P — Wi2(ri2 —n\)hu . (2.2.5)
Equation (2.2.5) shows that the atoms will emit radiation with the frequency v  if 
112 >  n i . The thermal equilibrium populations of the two energy states is given in 
equation (2.2.1) indicating that for all positive values of temperature n\ >  « 2 ( a 
population inversion corresponds to a negative temperature, from equation (2.2.1)) 
[14]. If the population inversion of the states can be maintained, in the presence 
of stimulating radiation, the atoms will contribute to the total power of frequency 
v  in the radiation field. To stimulate and measure this transition frequency, the 
appropriate device must maintain a radiation field at the transition frequency and 
a population difference between the two energy levels such that ri2 >  ni.  Such 
conditions are realized in the device shown schematically in figure 2.2.2 [15].
In this device, the hydrogen maser, an atomic hydrogen beam from tin rf dis- 
sociator passes through a state selection magnet where the |JP =  1, m j  =  1) and
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|F  =  1, rrif =  0) states are focused into the interaction region of a microwave cavity. 
The atoms in the other states axe directed away from the cavity opening and then 
pumped away. The atoms selected to be in the upper hyperfine states enter a stor­
age bulb where the atoms remain for about a second. This storage bulb traps the 
atoms in the interaction region of a microwave cavity whose oscillating magnetic 
field has the correct orientation and frequency to stimulate the desired hyperfine 
transition. When the number of atoms in the atomic beam is increased beyond a 
critical value, then a high level of microwave energy can be maintained in the cav­
ity from the stimulated emission alone. Under certain conditions, there is enough 
microwave energy liberated from the atomic beam so that the maser can oscillate. 
This self oscillation occurs when the power emitted from the beam compensates for 
the power lost to the cavity walls and through the microwave coupling ports [13].
The microwave cavity is tuned to the transition frequency and has the correct 
rf and dc field orientations to coherently stimulate the atoms in the storage bulb. 
The hydrogen transition frequency is dependent on the static magnetic field and 
therefore, magnetic shields surround the cavity, A small dc magnetic field is applied 
to remove the degeneracy with transitions from the other states and thus establishes 
an axis of quantization. Usually, the TEou  mode of a cylindrical resonant cavity 
is used to couple to the hydrogen transition and the dc field is applied parallel to 
the longitudinal cavity axis. Such a cavity measures nearly 28cm in length and 
diameter. This mode is a high Q mode with a cavity quality factor Qc of about 
60000 for copper surfaces at room temperature.
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C om pact H yd rogen  M aser
As mentioned above, for some applications a smaller maser resonator may offer 
significant economic gain to warrant the development of a compact version of the 
hydrogen maser frequency standard. A magnetron type lumped element resonator 
has been proposed as a viable, compact alternative to replace the standard T E q\\ 
cylindrical cavity [3]. This suggested cavity design is shown in figure 2.2.3 [3]. 
The loop-gap resonator is not constrained by the rf boundary conditions to be as 
large as the TE qu cavity because the resonance is of a completely different nature. 
The loop-gap is a inductance-capacitance resonant circuit. The currents that flow 
azimuthally on the surface of the electrodes shown in figure 2.2.4 create a magnetic 
field that is qualitatively solenoidal and forms the inductive part of the circuit. The 
gaps between the electrode halves are the capacitive elements of the LC circuit. This 
circuit is shown schematically in the same diagram. The loop-gap can be made in 
different sizes; the cavity described here has a diameter and height of 7.5cm, and the 
electrodes that form the resonant structure have a diameter and height of 5.0cm. 
The frequency of the loop-gap resonator is given by
=  (2'2'6)
Here L  is the inductance of the circuit and C  is the capacitance. The inductance 
of the loop-gap resonator will depend on the size of the electrodes, the size of the 
shield-can and the distribution of the currents on the electrodes [3]. The current 
distribution will be addressed later, in detail. The relevant capacitance is that 
formed by the gaps between the electrode halves. The frequency of the resonator
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is most easily adjusted by varying the gap size. When the gap is widened, the 
capacitance is reduced and from equation (2.2.5), the frequency increases. The 
possible tuning range for the maser resonator was found to be from 700M H z  to 
1.6GHz. Figure 2.2.5 shows the measured frequency for different gap widths. The 
data points in figure 2.2.5 were measured between 1988 and 1991 with copper, silver, 
steel, and YBCO electrodes and were held by teflon and PVC interlocking cylinders. 
Even with such a variety of measurement conditions, the scatter of the points is 
quite small. The solid curve shows the behavior expected when the capacitance 
is evaluated for the geometry of the electrode gaps. The solid line in figure 2.2.5 
is the calculated frequency as a function of the gap size where the capacitance is 
found using a Schwarz-Christoffel transformation. As the gap becomes small, the 
resonant frequency becomes quite sensitive to changes in the gap size.
The loop-gap resonator mode is not a high Qc mode. A copper version of 
the loop-gap cavity at room temperature has a quality factor of about 5000 ( the 
quality factor is the ratio of the stored energy to the power lost per cycle). The Qc 
o f the loop-gap is ten times lower than that of the T E qu cavity and the hydrogen 
atoms cannot deliver enough power to the cavity to make it oscillate. If the cavity 
power losses are equated to the power delivered from the atomic beam, then by 
equation (2.2.5), the number of atoms radiating should be increased to bring the 
system back into oscillation. This is an over simplification, as will be shown later. 
The relationship for the power delivered to the cavity as a function of the number 
of atoms reaches a maximum and then decreases as the number of atoms is further
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increased. This is due to line broadening from collision related relaxation processes 
such as spin exchange, which will be described later.
Since the compact resonator has a lower Qc and the maser made with this cav­
ity cannot be made to oscillate by increasing the number of hydrogen atoms in the 
upper hyperfine state, then a method must be found to store the resonant energy 
radiated by the atoms more efficiently. Increasing the Qc of the compact resonator 
by using a superconducting version of the loop-gap resonator is the proposed so­
lution. However, oscillation is not the only criteria for developing a high quality 
frequency standard; the stability of the oscillator must also be considered during 
the oscillator design phase.
2 .3  Introduction to  S tability
In designing a precision oscillator, the stability must be addressed because the 
geometry can have a significant influence on the fundamental stability limitations 
of the oscillator [16]. In general, the signal that is measured from a stable oscillator 
is a function of the signal amplitude A , angular frequency w and is a sinusoidal 
function given by,
V(t) =  A s in u t . (2.3.1)
With the amplitude and the phase fluctuations written explicitly the general form 
of the measured signal is,
V(t) =  A(1 +  e(t))sin(ut +  <&(£)) . (2.3.2)
In the above equation, e(t) and <f>(t) describe the time-dependent fractional am­
plitude fluctuations and the time-dependent phase changes, respectively. Given a 
signal that may be characterized by the above equation, the standard developement 
of the stability leads to a method by which parameters characterizing the amplitude 
and phase fluctuations can be quantitatively measured [17].
Any stability measurement is a comparison between the oscillator under test 
and a reference oscillator. To minimize complications, the reference is assumed 
to be significantly more stable than the test oscillator. To describe the measured 
difference between the oscillator frequencies, the following standard definitions are
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F igu re 2 .3 .1  Measured time difference jc(i) between two oscillators plotted as a 
function of time, r  is the integration time and T  is the time interval between 
measurements. The difference T  —■ t  is the ‘dead-time’ where the measured tune 
difference does not contribute to the variance.
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where the frequency of the signal to be measured is u =  u/2%, and v0 is the reference 
oscillator frequency. The dimensionless quantity y(t)  can be used to find the time 
deviation, a:(i), of an oscillator over a time t, from the formula,
*(«) =  /  V k  =  • (2-3-4)
Likewise, for the time interval t k to ( tk -f r), the average fractional frequency devi­
ation is given by
1 rtk+T
yk =  -  y(t)dt . (2.3.5)
T  J t k
Substituting the results from the previous equation into equation (2.3.4) yields,
a ( t * + r ) - * ( f * )  1 <t>(tk +T)-<j>(tk)  ro?f?v
Vh = --------------------------------- =  ~------------------------------------------• {Z .d .b)
t  2 t u 0 t
From the measurements of yk, where k goes from 1 to iV, the variance of N  
samples is found to be,
N /  N \  2
(<rJ(JV,T,r)) =  (¥ l - X ;  ) '  (2-3-7)
n = l  V k=l /
The brackets indicate infinite integration time. The square root of the expectation 
value gives the deviation.
To illustrate what is being measured, assume that the graph in figure 2.3.1 
is a plot of the phase difference, x(t), between the two oscillators as a function of 
time. The interval time between measurements is T, and the time over which the 
fractional frequency deviation is integrated is r. The difference between these two 
times is the so-called ‘dead time’, given by T — r. Frequency differences during the 
dead time contribute no information to the variance.
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There are two problems with the general description of the iV-sample variance 
given above. The first is the loss of information during the dead time, and second 
is the fact that as N  —»■ oo, the N~ sample does not always converge. This second 
problem would result in a divergence of the variance that is a manifestation of the 
statistics and not from the measured frequency stability. For these reasons, the 2- 
sample variance (Allan variance) is preferred. This variance converges for all major 
types of noise in precision oscillators [18]. The Allan variance is written as,
<^(r ) =  (gOte-i -  Vkf)  • (2.3.8)
For N  discrete time measurements, where N  <  oo, the variance is approximately 
given by,
ff»(T) *  2 ( F = 2 )  “  Si)2 ’ (2'3'9)
or by using the phase difference information of equation (2.3.6), this can be written 
as,
N—2
*  2(N  -  2)r2 (* i+2 ”  2* i+1 +  * (2.3.10)
The frequency domain spectral density of phase fluctuations can also be cal­
culated from the measurement described above [18]. These spectral densities are 
defined as,
■ W ) =  ( 0  S*U )  =  t o f S r V )  . (2.3.11)
where Sy( f )  is the spectral density of frequency fluctuatuations, S$( f )  is the spec­
tral density of phase fluctuations and Sx(f )  is the time deviation spectral density. 
Strictly speaking, the time and frequency domain measurements of the fluctuations
£A F
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Figure 2 .3 .2  Log-log plot of <Sa/(/) and S$(f)  as a function of frequency, repre­
senting the power-law model of frequency fluctuations.
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are related by a Fourier transformation. However, as mentioned in reference [18], 
the Fourier transformation is seldom used to convert between the two descriptions of 
the same noise process. Instead, many techniques have been developed to translate 
between the various measures of stability. The power-law model is the most com­
mon method that describes both time and frequency domain spectral densities. In 
this model simple relationships are given that transform from one noise description 
to another.
In the power-law model, it is assumed that the spectral density of frequency 
fluctuations may be written as a sum of terms, each of which are proportional to 
an integer power of the frequency. For example, Sv( f ) may be written as,
s,(f) =  £  K ° f °  ■ (2.3.12)
Q=—OO
With this equation the spectral density of frequency fluctuations is expressed as a 
function of a constant K a , and an exponent a. On a log-log plot of S y( f )  versus 
/ ,  each term is shown as a straight line of slope a  over a given range of / .  Figure 
2.3.2 shows a plot of the Sv( f )  and S$( f )  for - 2  <  or <  2. Table 2.3.1 lists each of 
the terms shown in figure 2.3.2 and the noise process that they represent.
Using the relationships from table 2.3.1, the time domain Allan deviation can 
be plotted as a function of the integration time, r  from the measured Sy( f )  or S<>>(/) 
curves. Shown in figure 2.3.3 is the power-law time domain spectrum of the Allan 
deviation and, for comparison, data measured from an active maser oscillator [19]. 
The data in figure 2.3.3 has been interpreted using the power-law model, where each 
term of the deviation corresponds to a specific physical noise process, represented by
a specific slope on the graph. For the data shown in figure 2.3.3, the fluctuations of a 
maser oscillator are typically dominated by the fundamental terms of the power-law 
spectrum where the time domain fluctuations are those proportional to r rt, where 
n =  —1, —1/2 ,1 /2 .
The dominant noise source for each of the terms given in table 2.3.1 falls into 
one of two categories; random or systematic fluctuations. Random processes are 
fundamental uncorrelated fluctuations of the frequency. Systematic fluctuations 
are fluctuations in the frequency of a stable oscillator caused by: (1) environmen­
tal variables; including ambient temperature, magnetic field, humidity, barometric 
pressure, vibrations, gravity, and time; (2) basic internal mechanisms, including 
cavity pulling, internal magnetic fields and field gradients, wall shifts, collisional 
frequency shifts, and second order Doppler shifts; and (3) internal structures and 
systems that transduce environmental changes into basic mechanisms [20].
It has been possible to determine empirical relations in terms of the power- 
law model for measured time domain spectra [21]. For example, consider the data 
shown in figure 2.3.3; this curve can be described by three terms, when the Allan 
variance is given as
ff2(r ) -  (Tt ( T) +  ai ( T) +  al (T) * (2.3.13)
with
* t ( r )  -
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Here F  is the noise figure of the maser’s receiver system, B  is the bandwidth of 
the receiver, /? is the coupling factor of the cavity, P  is the power delivered to the 
cavity by the hydrogen atoms, and r is the time over which <r(r) is measured.
For the Allan deviation proportional to r -1 , the dominant source of the fluctu­
ations are found to be associated with the electronics that process the maser signal. 
In the region where cr(r) is proportional to r -1/ 2, thermal fluctuations axe the dom­
inant noise source. Where the Allan deviation is proportional to r , environmental 
fluctuations of the oscillator system (cavity pulling, ...) are responsible. Some os­
cillators are found to have a deviation ‘flicker floor’ corresponding to a constant cr; 
to date, this process is not identified [21], Assuming perfect isolation from system­
atic influences, an oscillator is expected to have a frequency stability limited only 
by random fluctuations. As mentioned above, a maser is found to be limited by 
random thermal fluctuations for integration times between 10 and 10000 seconds.
The evaluations of proposed maser oscillators in the past have been based on 
the fact that the limiting frequency stability is due to thermal fluctuations within 
the hyperfine line width [21,22]. Before a maser is constructed the noise contri­
butions from systematic effects or from particular microwave components are not 
predictable. For the compact superconducting hydrogen maser, if it is assumed 
that the systematic effects can be controlled to the same level of isolation typically 
found in full size masers, then the fundamental thermal fluctuations will limit the 
stability. Since the thermal fluctuations can be calculated as a function of the maser 
parameters, this term should be minimized, where possible, during the design phase
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of the maser development.
As an application of the electrophoretic technique, a superconducting loop-gap 
resonator can be made to replace the TEon mode maser resonator. The improve­
ment in the quality factor gained by using the superconducting design may allow 
maser oscillation at 77K .  The Allan deviation is used in section 5 to find the cavity 
design that provides the most stable oscillator.
CHAPTER 3
40
3.1 The Loop-gap Resonator Construction
The constructed loop-gap resonator consists of two parts: the loop-gap electrodes 
and the rf shield-can, shown in figure 2.2.4. The electrodes have a diameter and 
height of 5.0cm and are 0.5mm thick. The rf shield-can has an inner diameter and 
height of 7.5cm. The electrodes, which are the resonant structure, are supported 
concentrically inside the shield-can by two interlocking teflon cylinders. Since the 
electric field is concentrated in the gaps between the electrode halves, windows 
are cut in the teflon support cylinders to minimize dielectric losses. The teflon is 
made 2mm longer than the inner length of the shield-can and grooves are cut in 
the shield-can end plates to accomodate this extra length. This centers the teflon 
holders in the cavity and keeps the electrodes from moving.
The shield-can is made from OFHC copper and serves as a radiation shield that 
can also be evacuated. There are two cryogenic coaxial feedthroughs for microwave 
coupling. The top of the cavity is flanged and is sealed with an indium o-ring. The 
walls of the shield-can are 0.3cm thick. This construction provides a sturdy vacuum 
can that remains sealed to temperature as low as A.2K.
The superconducting version of the loop-gap resonator has electrodes that are 
fabricated from silver that is electrophoretically covered with an YBCO thick film. 
Only the electrodes are made superconducting in the first version of this maser
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resonator because, in an all copper resonator, nearly 75% of the power losses occur 
on the electrode surfaces.
Electrophoresis
We have used an electrophoretic deposition process in the formation of polycrys­
talline YBCO thick films on silver substrates. Electrophoresis is the migration of 
charged particles under the influence of an applied electrostatic field [23]. Most 
material that come into contact with a polar (e.g. aqueous ) medium will develop a 
surface charge and likewise, under such circumstances, grains of YBCO powder also 
develop a surface charge when introduced into this type of liquid [64]. Applying 
a potential between two electrodes placed in the YBCO liquid solution drives the 
powder grains toward the oppositely charged electrode; in our case, the cathode. 
When the desired metallic substrate is used as the cathode, the deposition of the 
grains onto the substrate produces a uniform 10 — 2Qfim thick film coating of the 
superconducting grains. Substrates of different materials have been investigated to 
find which would provide the best superconducting films and have suitable mechan­
ical properties for cavity construction. During annealing(sintering), the grains grow 
together to form intergranular contacts. As is demonstrated with the hydrogen 
maser resonator, this method offers greater flexibility in choice of substrate shape 
and sizes compared to thin film deposition onto single crystal substrates.
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F ig u re  3 .1 .1  Diagram of a electrophoretic deposition, set-up for the fabrication of 
textured thick films of the YBCO material.
T able 3 .1 .1
Electrophoresis for the Maser cavity
Purity of Acetone 99.9%
Temperature 20 C
Powder Concentration 2 S/1
Voltage 150 V
Electrode Distance 8 -10 mm
Water Content < 0.2%
2
Current Density 5 -50 ji A/cm
Deposition Rate 1 - 5 p. m/min.
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D eposition
The electrophoretic process uses stoichiometric 1:2:3 YBCO powder prepared by 
typical reaction methods [24]. A mixture of BaCOa, Y2 O3 and CuO  powders is 
calcined in air for 24 hours at temperatures between 800 and 860°C and then 
reacted for 50 hours at 915° C  in air. The resulting ceramic is ground, ball milled 
and then resintered for an additional 50 hours. This regrinding and second sintering 
step improves the homogeneity of the reacted powder. The completely sintered 
material is thoroughly wet milled in n-hexane to a fine powder and then dried 
before preparing the electrophoretic suspension [25].
The medium for the electrophoretic deposition is a colloidal suspension of the 
YBCO powder and an organic polar liquid. Butanol, pure acetone or acetone with a 
very small amount of iodine or ammonium added, have all been successfully used as 
the deposition solution [26]. However, due to the reaction of alcohols with YBCO, 
and the uncertain effects the acetone additives might have, pure acetone seems to 
be the best choice [24]. The YBCO powder is dispersed in the liquid (acetone) using 
ultra-sonic agitation followed by a sedimentation period. The dispersion of the pow­
der by placing the solution container in the ultrasonic bath separates the agglomer­
ates of particles. The sedimentation allows any non-colloidal particles to separate 
themselves from the working liquid. The anode and substrate are immersed in this 
solution and a 150 Y potential is applied between these two electrodes. Figure 3.1.1 
diagrams the electrophoretic deposition process. Achieving reliable deposition de­
pends on the suspension temperature, powder concentration, electric field strength,
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and the amount of impurities in the liquid. Table 3.1.1 gives a summary of the 
deposition variables that have given reliable deposition.
The structure used for the deposition of the films was designed to hold the 
substrate and the anode so that fields between the anode and cathode are as uniform 
as possible. Since the complete surface of the cathode must be covered, the electrical 
and mechanical contacts to the substrate should cover a minimal surface area. This 
was accomplished by placing the anode and cathode in a brass and teflon frame 
where screws in the frame would pinch the electrodes, contacting them only on the 
upper and lower edges. The complete mounting structure was then immersed in 
the YBCO-acetone solution for deposition.
Electrophoretic deposition in a magnetic field has been shown to improve the 
microwave properties by producing oriented thick films [27]. The normal conduct­
ing magnetic anisotropy in the YBCO crystals aligns the crystal c-axis with the 
direction of the applied field. A field of 7T  has reliably yielded oriented films on flat 
substrates with the c-axis perpendicular to the plane of the substrate. Since the 
magnetic texturing will align the c-axis in one direction, this process is restricted 
to microwave components (or pieces of components) where all of the microwave 
currents flow perpendicular to a single direction, along which the magnetic field is 
applied. For the loop-gap electrodes, the currents flow azimuthally and require that 
the c-axis be directed along the longitudinal axis of the cylindrical electrodes, par­
allel to the substrate surface. On flat substrates, the YBCO films remain oriented 
after long sinter times.
46
Sintering
Following the deposition onto the substrate the film is sintered in O2 for at least 
100 hours at temperatures between 920 and 930°C. At the end of the sinter cycle, 
the oven temperature is reduced at a rate of one degree per hour until the sample 
temperature is below 890° C. This slow cooling step enables recrystallizaton of all 
the liquid phases. From 890°C  to room temperature, the sample is cooled at 50°C 
per hour.
During the sintering, liquid phases play a critical role. It has been reported that 
liquid phases at the silver-YBCO interface promote grain growth [28]. What these 
liquid phases exactly do is still unknown, but the following reactions are known to 
occur in O2 at sinter temperatures:
-Silver dissolves significant amounts of oxygen which reduces the melting point 
of silver from 960°C to 939°C  [29].
-Barium reacts with silver to reduce the melting point of the silver [29].
-Ag reacts with and dissociates the BaCOz  and Ba.Cv.O2 compounds [29].
-The melting temperature of the BaCu02  eutectic phase is 925°C, (896°C in
air) [30].
The YBCO superconducting phase and the Y2BaCuOs  ‘green phase’ are stable 
and remain solid at temperatures below 939°C7 and have no reaction with the silver 
or the barium eutectic phase [29]. Some of the above mentioned reactions occur 
during the sintering process and increase the average grain size compared to samples 
with similar sintering steps but without silver [31]. However, since the melting
temperature of YBCO is about 100°C  above the melting temperature of silver in 
O2 , sintering of phase pure YBCO at 930°C? is not expected to yield significant 
grain growth.
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3.2 RF M easurem ents o f the Loop-gap
The microwave measurements of the loop-gap resonator determine the cavity quality 
factor Qc and the total power losses in the cavity. Qc is measured by finding the full 
width of the resonant line, A / ,  at half of the maximum power centered at frequency 
/ .  The Qc is defined as
( 3  2 i'i
Q c ~  Pc -  A f ~ R a- 
Here U is the total energy stored in the cavity, Pc is the power lost to the surfaces 
in the cavity, Gc is the cavity geometry factor and R a is the surface resistance of the 
cavity material. The geometry factor of the resonator contains all of the geometric 
dependencies that can influence the Qc and is defined as
U . „ . W ? d a
The volume integral sums the total energy in the cavity, the area integral gives the 
sum of the power lost on the surfaces [32]. When the resonator is constructed such 
that the losses from different materials, which have different R a values, contribute 
to the total power lost in the cavity, then equation (3.2.2) must be evaluated for 
the different surfaces, each with its own geometry factor.
For example, if the loop-gap resonator was measured with a copper shield-can 
and electrodes made from silver, then the geometry factors are evaluated for each 
piece, separately
_1 _____ 1 ! 1 _  L « , j f  j ( 3 2 3 )
Gc Gelectr. ^aAie/d 2w Jvoj \B ■ H\dv 2lV JVQ^ \B • H\dv
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and the Qc is given by
J _  _  Ra>Ag ^  RsyCu _  Ra,Ag / efecfr. |H |2da R a,Cu f ahield \H \2da  ^
Qc Gelectr. Gshield 2w Jvo  ^ \B  • H \d v  2w Jvoj |B  • H \d v
When the teflon support cylinders are considered, the equation for Qc must be
modified by a term describing the dielectric losses,
JL _ 3 »>a9 + &£?_+Ltan(6^  (3.2.5)
Qc Gelectr. G ahield
where tan(6) is the loss tangent of the teflon and L  is the total electric field inside 
the dielectric, given by [52],
r _  Sdiel.vol. \^ \2<^ a
L i .  \E \ ^  '
The loss tangent for teflon at 6.5GHz and 1A K  is tan(S) =  2.4 X  10"6. This is 
the nearest measurement available. At 300JT and 1 GHz, tan(S) — 1.5 x 10"4. 
The amount of the fringing fields near the gap, that will cause losses in the teflon, 
depends on the cylinder thickness, height, window size, etc., and therefore, this 
term is very difficult to determine. Furthermore, since no analytical solution for 
the loop-gap resonator exists, these electric fields cannot be calculated exactly. To 
minimize the dielectric losses, the dielectric near the electrode gaps is cut away, 
leaving windows in the teflon. Considering the temperature dependence of the loss 
tangent, these losses can be neglected at 4.2AT.
Since the geometry factors cannot be directly calculated, they must be mea­
sured. Unfortunately, this measurement must rely on at least one presumtion. 
Therefore, the surface resistance of copper at room temperature will be calculated 
and used to algebaically find the remaining geometry factors.
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Figure 3 .2 .1  Surface resistance of copper measured as a function of temperature. 
• The surface resistance was found by using the total geometry factor G e =  47SI.
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The amount of power lost on the surface of the shield-can is best determined 
by measuring niobium electrodes at 4.2K .  At liquid helium temperatures and 
lA 2G H z,  the surface resistance of the niobium is about 1 /ifl, where the R a o f  
copper at the same temperature and frequency is 2.2m il.  Therefore, the niobium 
electrodes will contribute less than 1% of the total losses, when it is assumed that 
75% of the losses occur on the electrodes in a copper resonator. The Qc found 
from this measurement was 89000 with a 11mm wide window in the teflon. If it is 
assumed that R a(Nb) «  0 and the dielectric losses are small, then
1 _  Ra,Nb +  Ra,Cu  +  L  t a n ^  ^
Qc Gelectr. Gshield
reduces to
Ra,Cu (3.2.7)
89000 Gghield
The theoretical surface resistance of OPHC copper at room temperature is given 
by
i2a(300Jf) =  ^ =  y/pirfi0v =  9-8m£t , (3.2.8)
where 8 is the skin depth of copper and the resistivity p  is 1.72/ifI cm.
To find the geometry factor for the electrodes, the maser resonator Qc was also 
measured from 4.2K  to 300-fiT with copper electrodes. In this warm-up measure­
ment, the Qc at 4.2K  was 21500 and at 300-K" Qc was measured to be 4700. The 
ratio of these Q  measurements gives the improvement factor of R 3,cu cooling from  
3001T to 4.2K]
Q C(A.2K) 21500 _
Q c( m K )  4700 ’ '
R(
Q
)
0.01
250 300200150
T (K )
100
F igu re 3.2.2  Surface resistance of niobium measured as a function of temperature.
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Prom equation (3.2.8), iJaic u(4 .2#) =  2.2m£l. This gives a total geometry factor 
Gc of 47fi, Gahieid =  195mfi and therefore, Geiectr. =  The measured curve of 
the copper surface resistance as a function of temperature is shown in figure 3.2.1.
To test these geometry factors, the quality factor of the cavity with the niobium 
electrodes was also measured from 4.2 to 300#. Shown in figure 3.2.2, is the nio­
bium surface resistance as a function of temperature, where the surface resistance 
was calculated from the warm-up measurement of Qc using the geometry factors 
given above. There are three quantities that can be determined from this curve that 
describe the quality of the niobium. These are; the slope of the resistivity at 300#, 
the actual resistivity at 3 0 0 #  and the residual resistance ratio (RRR). The manu­
facturer of the niobium quote that this sample of niobium has a resistivity slope of 
5.925 X  10-8 £§, a 300#  resistivity is 15fiQ, cm, and the RRR is 30. Prom figure 
(3.2.2), the slope of /?(300#) is calculated by finding two R 9 values, solving for p 
for these points from equation (3.2.8), and dividing by the temperature spanned by 
these points. The measured slope is 6.5 x 10-8 £§ , which agrees to within 10% of 
the manufacturer’s value. The measured value for i?a(300#) =  29mfl is used to 
calculate /j(300#), yielding p(300#) =  15.2p£l cm which agrees well with the man­
ufacturer’s value. The measured RRR is found by taking the ratio of the resistivity 
at 3 0 0 #  to the resistivity at 0 #  found from the extrapolated Ra(QK) value. Prom 
figure 3.2.2, the extrapolated Ra at 0 #  is approximately 5mf2, and RRR =  33. 
This good agreement suggest that these geometry factors adequately represent the 
maser resonator with the metal, normal conducting electrodes.
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The loop-gap geometry factors indicate that 75% of the power losses occur on 
the electrodes. Without a quantitative understanding of the dielectric losses or an 
analytic solution for the fields, it would be difficult to improve on the accuracy of 
these numbers, or even comment on the error of the geometry factors. Since the 
niobium results are within 10% of the expected values, the total uncertainties must 
be about this size.
R esu lts  o f  Y B C O  E lectrodes
The loop-gap resonator with YBCO electrodes was measured in a cryostat that 
allowed testing from 4.2K  to room temperature. The cavity was evacuated to 
protect the YBCO from being contaminated by condensed water and to keep other 
liquids and ices from causing dielectric losses in the cavity. The cavity was immersed 
in liquid helium for cooling. While the cavity is cooled, the teflon cylinders provide 
the only heat path between the electrodes and the thermal bath. To improve the 
thermal contact between the electrodes and the rest of the cavity, the cavity is 
filled with helium gas. After the liquid cryogen boiled away, the cavity was allowed 
to slowly warm-up. During the warm-up, the cavity temperature and microwave 
properties were recorded by an automated measurement system, which is described 
elsewhere [71].
There have been more than a dozen pairs of superconducting electrodes. The 
quality of these electrodes, from 1989 to 1991, improved as the electrophoretic tech­
nique was customized for the unique application of the compact maser resonator. 
The following results axe from selected electrode pairs, for comparison of magnet-
0.1
0.01
0.001
Textured electrodes
10
160100
T (K)
0.1
0.001
Untextured electrodes
10 100 150
T <K)
F igu re 3.2.3 Surface resistance of textured and untextured YBCO layers on the 
silver electrode substrates.
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F igu re 3 .2 .4  The measured inverse Q, 1/QtUcu, plotted as a function of the root 
of the total microwave energy in the cavity, measured for the untextured electrodes 
at 4.2iir and the textured electrodes at 77K  and 4.2K .
Table 3.2.1 Measured Maser Resonator Qc and R a Values
Electrode Type
YBCO (textured) 
YBCO (untextured) 
Copper 
Niobium
R 9 =
R a =
R.{mSl)[(P0Q ^ )  
77 K
0.9 [17.1]
1.3 [43.3]
R 9 ~  3.9
Ra =  10
4.2 K
< 0.10 [15] 
0.38 [12.2]
2.2
«  0.0001
Electrode Type Qc[(Pf}Qfi)1/2] 
77 K 4.2K
YBCO (textured) 
YBCO (untextured) 
Copper 
Niobium
Q c =
Qc ~  
Qc =  
Qc =
31900 [17.1] 
26500 [43.3] 
12000 
4800
86000 [15] 
79500 [12.2] 
21500 
89000
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ically textured and non-textured electrodes. These results are compared with the 
loop-gap with copper electrodes to illustrate the improvement achieved with the 
YBCO electrodes.
Table 3.2.1 shows the Qc values for the electrodes listed. Because Qc is de­
pendent on the magnitude of Hrf ,  the square root of the total stored energy in the 
cavity for each particular Qc measurement is also given in table 3.2.1. At 77K ,  the 
copper electrodes yield an unloaded Qc of 12000. This is more than doubled with 
untextured YBCO electrodes, Qc =  26500. Using electrodes that were magnetically 
textured during the deposition, increases the 77K  Qc to 31900. Using the geome­
try factors calculated above, the improvement of the textured electrodes over the 
untextured pair corresponds to a 0.4mf2 decrease in R a(77K). Figure 3.2.3 shows 
the surface resistance of the textured and untextured electrodes as a function of 
temperature. Below the 92K  critical temperature, the textured electrodes have a 
sharper transition than the untextured pair and the cavity with these electrodes 
reaches a higher Q C(77K).
Both the Qc and the cavity frequency change with H tj . The change in Qc 
reflects the change in surface resistance of the YBCO as a function of the surface 
field. The change in frequency represents a change in the surface reactance X a. 
The changes in these cavity parameters for the textured and untextured electrodes 
are listed in table 3.2.2. The magnetically textured electrodes are least sensitive 
to the increase in rf power. The Q c goes from 88000 at the lowest power levels 
to 71000 over the power range measured. Figure 3.2.4 shows this dependence for
•  Untextured electrodes at 4.2K. 
▲ Textured electrodes at 4.2K
JQ * . . . . . . .  i ■  I ■ ...........................
1 10 100 1000
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F igu re 3 .2 .5  The measured inverse Q, 1/Q«(ect.» plotted as a  function of the root of 
the total microwave energy in the cavity, measured for the textured and untextured 
electrodes at 4.2Jif. A residual QeUct. =  4.3 x 10“a has been subtracted from the 
untextured electrode data, resulting in a line with a slope of 1/2. The residual 
QeUetr. represents a residual resistanceof R$,n ». — 280/rf2.
the untextured electrodes at 4.2K  and the textured electrodes at 4.2 and 77K .  To 
remove the dependence on the geometry factors, the graph is plotted as the surface 
resistance divided by the geometry factor for the electrodes versus (Ppt Qpx )1/2. The 
value is proportional to the maximum H rf  in the cavity, P p t is the power delivered 
to the cavity from the input coupling port and Qtjt is the coupling Q of the input 
coupler.
At 77i f ,  the Hrf  dependence of the surface resistance is not as obvious as 
the 4.2K  dependence but this temperature dependence is consistent with results 
reported elsewhere [33]. For high rf fields the surface resistance increases as [8]
as defined in the introduction. The slope of the graph, for the textured 4.2K  data, 
is approxiamately 1/2 which indicates that the YBCO is experiencing high rf fields 
somewhere in the cavity. The response of the untextured data at 4.2K  does not 
have the same slope of the texture electrode data. This could be due to the large 
residual resistance dominating the relatively small changes of the R a. Assuming that 
this last statement is correct, a constant value of \ / Q t itctr.,rta — 4.3 x IQ-6 can be 
subtracted from the untextured data. The residual surface resistance corresponding 
to the l / Q eiectr.,rea is Ra.rea =  280/zft. The resulting curve is shown in figure 
3.2.5, where both the untextured and textured data have slopes of about 1/2. The 
untextured data in figure 3.2.5 form a line that is overall 5 times greater them the 
line formed by the textured electrode data. This difference between the textured 
and untextured data is indicative of a series resistivity, p2a, that is 5 times larger
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for the untextured material than for the textured material at 4.2K .
Even though R a is power dependent, the Qc values obtained with the super­
conducting electrodes are large enough that a maser made with this compact maser 
resonator would oscillate. However, the stability of such an oscillation is unknown 
and will be evaluated in later sections. By equating the atomic beam power to the 
power loss found in the superconducting resonators, the threshold Qc of oscillation 
is found to be about 14000. This threshold certainly depends on the many maser 
parameters and thus this threshold value is only an approximation.
62
CHAPTER 4 
4.1 M echanical S tab ility  o f  th e  R esonator
As an accepted test device for the HTSSE experiment, the maser resonator was 
tested at NRL to insure the resonator’s space worthiness. The testing of the res­
onator included rf and mechanical testing. During the mechanical tests, the cavity 
was vibrated for two minutes at a maximum level of 18.6<7rm« along each of the 
three body axes. It is not expected that a maser must operate under such violent 
conditions, rather, the devices must be qualified to survive such conditions during 
the satellite launch. To stabilize the electrodes from sliding in the teflon holders, 
a hole was drilled through the electrodes and teflon and a dielectric screw was in­
serted. The screw was placed in the center of the electrodes, where it would not 
seriously perturb the fields.
There was no discernable change in the Q c  of the resonator as a result of the 
vibration test. However, the frequency was slightly shifted. Upon inspection of the 
electrodes and teflon holders after the vibration test, it appeared that the electrodes 
were slightly misaligned at the gap. From this, it is concluded that there must have 
been some bending of the electrodes as the part of the electrodes near the gap, not 
supported by the teflon, is free to vibrate. However, this poses no problems for the 
HTSSE tests.
The teflon cylinders that support the electrodes have a larger thermal coefficient
10'
10
10
cn
<  10*o
<
\ , 6 *A(O
i'd0
io"
-12
10
10
r  'I i -i r n -----------1— i— i l l t t t
•  WITHOUT VIBRATION ISOLATION 
a WITH VIBRATION ISOLATION ~
B " 7  H i
1 . 1 , 1  I t I ll J  L J —I—LI L J L I—LLi i
10
FREQUENCY1 (H i)
10 10
F ig u re  4 .1 .1  Noise spectrum of a superconducting stable oscillator before and after 
tbe test dewax was suspended from the laboratory floor. The vibrations are vibra­
tions from vacuum pumps, air conditioning system and other natural vibrations of 
the building [34].
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of expansion than the other materials in the cavity. The total contraction of the 
teflon in cooling from room temperature to 77K  is 1.7%, where copper contracts only 
0.3% over the same temperature range. Considering the teflon electrode holders, at 
77K, the teflon is more than 1mm shorter than the copper cavity (assuming that 
both copper and teflon where 7.5cm long at 300# . The net effect of this contraction 
is that the teflon at 77K  is not the same relative size as the copper and therefore, 
these pieces may become loose. If the electrodes and electrode holders are loose, 
they may be free to move or vibrate causing excessive fluctuations of the resonant 
frequency. Such vibrations are discussed more thoroughly in the next section.
Frequency Stab ility  o f the R esonator
The stability of the superconducting loop-gap resonator has been measured to de­
termine if fluctuations due to the mechanical design of the resonator or the YBCO 
material would measurably affect the total stability of a maser using this cavity. 
Fluctuations of the superconducting loop-gap resonator will couple to the maser 
stability through the cavity pulling mechanisms described section 4.2 of this dis­
sertation. Thus, fluctuations of the resonator frequency cause fluctuations of the 
hyperfine frequency that are about five orders of magnitude smaller than the mea­
sured resonator fluctuations. This implies that the loop-gap fluctuations must be 
very large before they will influence the maser stability. However, it has been re­
ported that YBCO has I f f  fluctuations 7-10 orders of magnitude larger than normal 
metals and therefore this issue should be addressed. This excess noise is especially 
important if YBCO is to be used for superconducting stable oscillators (SCSO’s).
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F igu re  4 .1 .2  Grain size dependence of the noise power spectrum, measured before 
and after the sample was annealed. The lower curve is from the unannealed small 
grained sample and the upper curve was measured after the sample was annealed.
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The noise measurements of SCSO’s, passive resonators and other microwave 
components typically show the vibrational spectrum of the cryostat, vacuum system 
and the laboratory in which the tests are made. When these vibrations are strong 
enough, they shift the frequency of the resonator with the frequency of vibration, 
thus modulating the resonant signal. To minimize the coupling of vibrations the 
test cryostat can be lifted off the laboratory floor so that the dewar is hanging by 
’’elastic suspension” [34]. Figure 4.1.1 shows the noise spectrum of an SCSO with 
and without this elastic suspension, taken from reference [34].
Noise measurements of the high temperature superconductors can also offer 
important information about the loss mechanisms in the material. Several studies 
on the flux flow state in type II superconductors have used the measurement of the 
noise power spectrum as an investigating technique. For dc noise measurements on 
low Tc superconductors (LTSC) it is found that the noise spectra arise from the 
fluxoids traversing the sample either singly or in bundles [35,36]. This motion gives 
rise to voltage pulses with a height proportional to the product of the bundle size 
and velocity. The duration of the voltage pulse is proportional to the transit time 
o f the moving fluxons [37]. It is found that the grain size also affects the level of 
the noise power measured in granular Pb&olnw foil [35]. Given these results, it 
becomes necessary to consider the possibility of such fluctuations in the evaluation 
o f high Tc superconducting resonators and devices.
LTSC
The technique used to measure the noise in the LTSC materials has generally
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been a four probe measurement. Two leads apply a current across a sample while 
two other leads measure the voltage drop along a section of the sample parallel to 
the direction of the current flow. Whenever there is a magnetic field large enough to 
bring the superconductor into the mixed state and the Lorentz force acting on the 
fiuxoid is larger than its pinning force, the fluxoids produce a flux-flow voltage. This 
voltage and the associated flux-flow noise is then measured by the two voltage sense 
leads. The voltage fluctuations are found to be proportional to I f f , for /  >  102H z  
and where f  is the fourier frequency of the signal, as shown in figure 4.1.2. However 
the analysis of the power spectrum indicates that the level of noise is too large to 
be caused by the shot noise of single fluxoids but instead comes from the movement 
of flux bundles [38,39]. The fluxoids move in bundles due to the strong interaction 
between the fluxoids and due to the strong pinning effect. The bundles move in 
the same way as the single fluxoids would, but the bundle effect gives a flux-flow 
noise several orders of magnitude larger than predicted under the single fluxoid 
assumption. The voltage pulse caused by the bundle movement and the shape of 
the spectrum are assumed to be unchanged from the single fluxoid response [35].
The effects of grain boundries (pinning centers) have been measured on lead- 
indium foils [35], The foils were first measured, using the four probe method, and 
then annealed and remeasured (figure 4.1.2). The results indicate that the grain 
boundaries impede the flux-flow and therefore effectively reduce the noise power in 
the sample by nearly an order of magnitude at the lowest frequencies. Conversely, 
when there are fewer pinning centers, the flux bundles can flow more freely and
. 
S(
f)
[v
*s
ec
]
Power spectra for Pb~iM7.1n 
T'<2K
*• tneanoorrfoepuita intth*
N  0  2QQ40Q 600 SCO JC03G3QM
\  h m —  ^  
*
S fv S S O  Oe
b s O O e
a '  2 5 a 22 5 0*2 5 0*2  5 « f
m —-
F igu re 4 .1 .3  Noise spectrum of shot noise in a LTSC caused by fluxoid bundles 
entering a sample in a time dependent magnetic fleld [43].
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produce more noise. Therefore, small grained samples have less flux-flow noise than 
large grained samples.
In a time dependent magnetic field, there are additional noise components that 
have a spectrum analogous to Barkhausen noise associated with domain switching in 
magnetic materials [38]. This is characterized as a broad maximum in the spectrum 
(a hump) between 100 and 1000H z  (figure 4.1.3). In superconductors this type 
of noise spectrum is attributed to the ‘blocking effect* of flux bundles: this means 
that some fluxoids moving into the sample momentarily reduce the probability that 
other fluxoids can enter the material at the same location until the fluxoids move 
a distance into the material. Because there is a characteristic time for this process, 
there is likewise a frequency at which these events are most likely to be correlated 
[38].
HTSC
For the high temperature superconductors (HTSC) the noise spectra are found 
to be different than the spectra of the LTSC materials. There is no excess noise 
found at low frequencies (1 //) , in the dc measurements of HTSC’s, that can be 
directly associated with the superconducting state (like flux-flow in the LTSC ma­
terials). However, the YBCO and BSSCO materials have a much higher noise level 
in the normal state, above Tc, than is found in other metallic conductors. The 
temperature dependence of this noise is sometimes found to be continuous through 
the superconducting transition. This excess noise could hinder the detection of the 
noise processes associated with the superconducting state.
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F igure 4 .1 .4  Excess noise in the spectrum measured near the superconducting 
transition temperature [41].
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To date, the mechanisms of this l / f  noise in the copper oxide superconductors 
have not been identified although various models have been proposed. For instance, 
composite effects and an anisotropic conduction have been considered as possible 
sources of the excess l / f  noise [41]. Composite effects such as grain boundries, 
twin boundary layers, dislocation line defects, and stacking faults are all barriers 
that are at least 10 angstroms wide [42]. Some of these defects will be larger than 
the coherence length in the a — b plane and could be a considerable tunnel barrier 
that can hinder conduction of the electrons (think of semiconductor shot noise with 
many small grains). Another possible source of the noise is the superconducting 
anisoptropy, and tunneling between copper oxide planes is presumed based on the 
difference between the c direction coherence length (<0.2 nm) and plane spacing 
( 0.4 nm). However, both of these models could only justify excess noise measured 
in the superconducting state and not normal state noise. In the normal state, it 
is found that the magnitude of the l / f  noise spectral density is typically 7 - 1 0  
orders of magnitude higher than that found in conventional materials with similar 
geometries and sizes [40]. This would imply that the measured noise in the HTSC 
materials is not necessarily a superconducting effect.
It has been found that the noise power remains unchanged or drops continously 
when the temperature is lowered through Tc. There are discrepancies in the litera­
ture regarding the measured noise spectra for temperatures near transition. Some 
authors report that there is a large increase in the noise power at transition [43] 
while other investigators have not found this temperature dependence (figure 4.1.4)
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F igu re 4 .1 .5  Noise spectrum measured in a HTSC sample at 300iT and 78K  [41],
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[40], The existence of this transition noise could be dependent on the quality of the 
samples but this is difficult to predict. However, in the HTSC materials the power 
spectral density of voltage fluctuations is found to be similar for both YBCO and 
BSSCO copper oxides. The normal state and superconducting state spectra are 
generally l / f  and, as mentioned above, have a much greater magnitude than LTSC 
materials in the normal state.
This excess noise has been measured for single crystal BSSCO, polycrystalline 
YBCO and BSCCO, and thin film YBCO and BSSCO [40,41,43]. The overall mag­
nitude of the noise was comparably high for BSSCO single crystals, thin films and 
bulk samples. This would seem to imply that grain boundaries are not the dominant 
source of the excess noise. A common feature in two of these measurements [41,43] 
was an increase in the noise powers at Fourier frequencies above 100H z  (figure 
4.1.5). Figure 4.1.5 shows this increase in the 78K data curve, where for frequencies 
less than lOOJLz the spectrum is generally l / f .
One possible reason for this high level of noise is that the HTSC’s are two 
dimensional conductors. In a study of 1 / /  noise in quasi one dimensional metal- 
oxide-semiconductors, it is reported that: “In one and two dimensions we have 
the novel results that the conductance fluctuations induced by moving a single 
scattering center are as large as those produced by changing the entire sample! 
Small («  0.5%) discrete conductance jumps have been observed ... and attributed 
to the filling of individual trap states in the oxide which affects the electron mobility 
” [44]. Perhaps these results could be applied to the HTSC materials.
Test Cavity
mixer mixer
ref. input
output
HP Signal 
Analyzer
Phase Detector 
DBM
F igu re 4 .1 .6  Schematic of teat circuit used to measure the noise spectrum of the 
superconducting loop-gap resonator. For simplicity, amplifiers and attenuators were 
not included in the diagram. The quartz oscillator is phase locked to the synthesizer 
and voltage controlled by the phase detector.
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So far there are many questions that are still not investigated. For example, 
Is there a frequency dependence to the HTSC noise spectrum? What are the rela­
tionships between noise spectra and R a, X a, applied magnetic magnetic field, etc.? 
In comparing the new superconductors with the classical superconductors, it is dif­
ficult to find similarities between the two groups. At this time, it is impossible to 
determine the sources of the noise measured in the HTSC materials. It seems fairly 
clear that the noise is much greater in these materials above and  below transition 
when compared to the LTSC materials. This noise could in part be due to the 
relatively low number of charge carriers in the granular ceramic superconductors. 
It could also be linked to the dimensionality of the HTSC material [44]. Whatever 
the cause, this high intrinsic noise could easily dominate flux-flow or other noise 
processes reasoned to be found in the HTSC’s, in analogy to the LTSC’s.
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F igu re 4 .1 .7  Measurement of the background noise spectrum in the test circuit 
shown in figure 4.1.6.
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N oise  M easurem ents
The noise measurements of the loop-gap cavity were made with the circuit shown in 
figure 4.1.6. A signal from a 5M H z  quartz reference was mixed with a synthesized 
signal so that the two frequencies added to equal the cavity resonance frequency. 
This signal was passed through the loop-gap resonator. The output from the res­
onator was mixed with the same synthesized signal so that the carrier frequency 
was again 5M Hz. A phase detector, which is basically a dc coupled double bal­
anced mixer (DBM) and a set of amplifiers, mixes the 5M H z  output signal with 
the quartz reference frequency, giving a dc voltage whose fluctuations represent the 
loop-gap fluctuations about the carrier signal. The measured fluctuations are pro­
portional to the difference in phase between the reference signal and the resonator 
output signal. The sensitivity of the phase detector depends on the phase slope of 
the resonator. In measuring the loop-gap resonator, the phase detector can resolve 
changes in cavity frequency as small as 100H z.  The output of the DBM is sent to a 
signal analyzer (HP 3561A) that produces a graphical representation of either the 
time or frequency domain response of the DBM. The output of noise power versus 
frequency is, as described in the introduction, a single sideband measurement; the 
absolute value of the fourier frequency is plotted.
Before the loop-gap is measured, the background noise of the measurement 
circuit is recorded. To maintain the same phase detector input level during both 
the cavity and background tests, the cavity is replaced with attenuators that have 
the same insertion loss as the loop-gap, at its resonant frequency. The background
From 60 dB amplifier
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F igu re  4 .1 .8  Measured noise spectrum for the loop-gap resonator showing the 
improvement achieved by using a elastic hanger for vibration isolation. The upper 
curve is without isolation against vibrations and the lower curve is measured with 
the cryostat hanging from an elastic strap.
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measurement is shown in figure 4.1.7. This spectrum was measured using an 80 dB 
amplifier at the output of the DBM and the power levels must be appropriately 
adjusted. From 20H z  out to 105 H z,  the background signal is flat at a level of 
—150<££f on the V 2/H z  scale. Below 20H z,  the spectrum is 1 / / .  The scale of power 
is measured in terms of V 2mt/H z.  This can be converted to the familiar form of 
which is expressed as radians2 j  H z,  by multiplying VrmB by the calibration 
factor of the DBM. The DBM was calibrated and found to have 30rad /V  at 30dB 
gain, corresponding to 1.07Vrma/rad. Therefore, form table 2.3.1, the background 
level at 1 H z  corresponds to a <r(r =  lsec.) =  6.4 x 10-12.
For isolation from mechanical vibrations, the cavity was suspended from an 
elastic hanger. A small dewar was filled with LN2 and a stainless steel can was 
placed in the nitrogen. The steel can had no nitrogen in it but was surrounded by 
liquid nitrogen, so when the test cavity was suspended in the steel can, radiative 
heating was minimized. This also kept the cavity from being vibrated from boiling 
cryogen. To cut down on convective heating, two foam baffles were fixed to the 
suspension line. These baffles made no physical contact with the dewar but were 
a close fit. Figure 4.1.8 shows the improvement of mechanical isolation using this 
design.
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N oise  Test R esu lts
The power spectral density of frequency fluctuations in the loop-gap resonator was 
measured at 11K  with both copper and YBCO electrodes. The cavity with the 
copper electrodes is used to determine the fluctuations due to mechanical vibrations. 
The measured difference between the copper and YBCO electrodes should indicate 
noise associated with the YBCO material.
The cavity with copper electrodes measured at 3 0 0 if shows a slightly increased 
l / f  component, where below lOOifz the power spectrum has a slope of minus one. 
This spectrum was measured with the cavity suspended in the dewar before L N 2 
was filled. The lowest level reached is —130dB, which is 20dB higher than the 
background measured without the cavity. Above 103 H z  the noise power rises to  
a maximum of — llOdB at 20K H z.  This maximum is characteristic of amplifier 
residual phase noise [45]. This spectrum shows very few vibration peaks due to the  
elastic isolation.
When the copper cavity is cooled to 77K  the noise level between 102 and 105 H z  
remains unchanged. However, the low frequency spectrum is greatly increased. Be­
low 1Hz  the curve is proportional to l / f 3 and between 1 and 10H z  the curve is 
proportional to l / f 2. These low frequency fluctuations indicate changes with long 
time constants such as temperature drift. During the 11K  measurement, the fre­
quency would drift faster than the phase lock loop could compensate. The phase 
lock was an integrated voltage that changed proportionally to the drift. Seldom did 
the frequency drift slower than lQQHz/5min and the low frequency spectra take at
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least 15mm per measurement, longer if  the spectrum is averaged over several mea­
surements. Using the cavity frequency temperature coefficient of lO K H z /K , this 
frequency drift arises from a temperature drift of 0.002K/min. This was also a prob­
lem with the superconducting electrode measurements at 77K.  The temperature 
fluctuations also dominated the spectrum so that the measurements gave results 
similar to those for cold copper electrodes. Unfortunately, the temperature drift 
made the determination of additional noise from the superconductors impossible.
Throughout all of the measurements, the loop-gap cavity was extremely mi- 
crophonic. The sensitivity to vibrations created the need to physically isolate the 
cavity which caused, in turn, poor thermal contact to the nitrogen bath and there­
fore, the temperature was not constant. The measured results show vibrations that 
are typical of SCSO’s that have Qc values orders of magnitude larger than the su­
perconducting loop-gap cavity and therefore steeper phase slope. The fact that this 
cavity reacted to laboratory vibrations like a SCSO but with a phase slope orders 
of magnitude lower implies the need for a sturdier mechanical design which would 
make the electrodes more rigid.
In a redesigned cavity the teflon should also be replaced with a material that 
has a thermal expansion coefficient similar to the electrode expansion coefficient. 
As the teflon electrode holder shrinks with decreasing temperature, the electrode 
gap becomes smaller and the frequency decreases (see figure 2.2.5). As the teflon 
shrinks, the electrodes are also contracting but the thermal coefficient o f the teflon 
is much larger than the thermal coefficient of the electrode material (silver). The
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net thermal contraction causes the gaps to become smaller and the frequency is 
reduced. This would greatly reduce the temperature frequency drift and may serve 
as a frequency compensation technique.
t
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4.2 Maser at 77k
The performance of a frequency standard can be judged according to two separate 
criteria; the precision of the oscillation frequency (stability), or the reproducibility 
(accuracy) of the oscillation frequency. For example, a cesium clock is used as the 
world time keeping standard because it reproducibly oscillates at a given frequency. 
However, a cesium clock has fractional frequency fluctuations that are generally one 
to two orders of magnitude larger than a hydrogen maser and therefore a maser is 
more precise than a cesium clock. The collisions in the hydrogen maser storage 
bulb perturb the hyperfine frequency such that the unperturbed or ‘free space’ 
frequency cannot be determined. A cesium clock has an atomic beam so that there 
are collisions with a storage container. Also the atoms of the atomic beam have 
roughly the same velocity so there are no atomic collisions. As a result of these 
collisions, the maser frequency is shifted by an amount that cannot be determined. 
Since no such collisions are present in the cesium standards, a cesium clock is more 
accurate.
For the maser considered here, frequency stability is the objective and not 
necessarily the actual oscillator frequency. However, frequency shifts do become 
important when the frequency shifts couple to the frequency stability. This happens 
when the frequency shifts are a function of systematic variables like temperature, 
humidity, magnetic field, and so on.
The systematic and random perturbations that are inherent in the maser will 
affect the hyperfine line width and the frequency of the measured hyperfine signal.
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The line width or line quality factor, Qi, is an important parameter because, for 
a given signal to noise ratio, it is easier to determine the center of a narrow line 
than that of a broad line. Furthermore, a reduction in the line Q will increase the 
coupling between the hyperfine frequency and the cavity frequency (cavity pulling) 
[47]. For this reason the broadening mechanisms must be identified and minimized 
wherever possible.
R elaxation Processes in  th e  Maser
The hyperfine transition from the |F =  l ,m  — 0) to the |F  =  0 ,m  =  0) state 
will spontaneously occur very infrequently. In free space, the decay of the upper 
state has a transition lifetime of about 107  years. This decay time would lead 
to a negligibly small contribution to the linewidth. The hydrogen radiation rate 
is increased by a factor of 80 when the radiating atom is enclosed in a cavity 
whose resonant frequency is tuned to the transition frequency [46]. Of much greater 
importance to the measured linewidth is the effect of coherent radiation that can 
stimulate the transition. The radiation lifetime is reduced by a factor equal to the 
difference in the number of atoms in the two energy levels [46]. In the hydrogen 
maser, the presence of nearly 1 0 12 upper energy level atoms in the interaction region 
of a microwave cavity reduces the radiation time to about 10 seconds [46]. However, 
this total relaxation time is still much longer than that encountered when all of the 
processes in the maser are considered.
All of the relaxation processes in the maser fall into one of two categories: pro­
cesses that affect the coherence of the atomic transition phase with the applied rf
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field; and processes that effectively prevent an atom from making further contri­
butions to the radiation field. The loss of coherence is analogous to the transverse 
relaxation in nuclear magnetic resonance (NMR), while the loss of atoms able to 
make the desired transition is analogous to longitudinal relaxation. Using the stan­
dard NMR terminology, the total longitudinal relaxation time is given by T \ , and 
the corresponding longitudinal relaxation rate is 7 1  =  1/Ti. Likewise, the trans­
verse total relaxation time is given by T2  and the total transverse relaxation rate is 
7 2  -  1 / T 2 .
We consider that T\ is the characteristic time for the loss of atoms in the 
upper energy state. These atoms are lost due to escape from the bulb or non- 
adiabatic collision with other atoms or the teflon coated walls. These collisions 
leave the interacting atoms chemically reacted or in a different atomic state [47]. 
Furthermore, when two hydrogen atoms collide there is a possibility of spin exchange 
between the atoms. Additionally, if the applied dc magnetic field in the cavity is not 
uniform, a moving atom experiences a time varying magnetic field that can cause 
Zeeman transitions analogous to Majorana transitions in atomic beams [47].
The total transverse relaxation is the sum of the adiabatic contributions to 
the decorrelation of atomic phase coherence and the non-adiabatic terms can also 
contribute to broadening because of the finite atomic state lifetime. The total 
perturbation rate is related to the hyperfine linewidth by
/ I  vo w0Ti u)Q ( ^
~ K v0 ~ ~2 ~ =  272  ’  (  )
where Q/ is the atomic line quality factor, Au0 is the hyperfine full width at half
-10
-11
-12
2 U 108 12
10 z/T ( K ~ l )
F igure 4 .2 .1  Relaxation probability of the population (piw) and the coherence 
(j>2w) of the hydrogen atoms on a teflon surface as a function of temperature (from 
reference [6 ]).
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maximum, and v0 and u>0 are the resonant and resonant angular frequencies, re­
spectively.
In general there are more transverse relaxation mechanisms than longitudinal 
mechanisms since all of the longitudinal (7 i) processes are also processes that can 
cause line broadening. As mentioned above with Ti, adiabatic collisions, the spread 
of frequencies associated with magnetic field inhomogeneities, escape from the bulb, 
and spin exchange are also line broadening processes. Other contributions to T2 
come from first and second order Doppler broadening, and pressure broadening. In 
the storage bulb, the atoms are perturbed by collisions with the teflon walls. These 
perturbations from the atom-wall collisions increase exponentially as the operating 
temperature of the maser is decreased and the interaction time of the collision 
becomes long [6,47]. The other transverse relaxation mechanisms are dependent on 
the temperature through the velocity of the hydrogen atoms.
Table 4.2.1 lists the largest perturbative mechanisms that contribute to the 
total transverse and longitudinal relaxation rates calculated for the compact maser 
at 77K  and 340AT. Because the average atomic velocity at 77K  is half of the aver­
age 340K  velocity, the spin exchange relaxation processes, which are proportional 
to velocity, are about half as large as the warmer maser values. Conversely, the 
magnetic inhomogeneity rates are larger at 77K  because these rates are a function 
of the time between wall collisions and therefore inversely proportional to atomic 
velocity [47].
At the lower temperatures, the wall relaxation becomes the limiting broadening
Table 4 .2 .1  Relaxation Processes in the Compact Maser
Process Equation* 7 (7 7 K)  7 ( 3 4 0 * 0
Wall Relaxation:
7 im =  nw (7.3 x  10 6exp(230/T)) 4.45sec- 1  l.Osec- l
72tw — l-337it 3.34sec 1 O.Ssec'- l
Magnetic Field Inhomogenieties:
Majorana Transitions 7 ih  = O .llsec 1 0.054sec“ 1
Phase Decorrelation 7 2 h  =  see ref. [47] 4 x 1 0 ~ 7 sec_ 1  2  x  1 0 “ 7 sec_ 1
Spin Exchange Relaxation: n =  2 X  109 cm” 3
7ia.«. =  {navr)
7 2 i .c .  =  271  a.e.
0.85SCC” 1 1.80sec- 1
1.7sec-1 3.60sec -1
1
mechanism. The wall relaxation is caused by the interaction of the hydrogen atoms 
with the storage bulb surface. The strength of this perturbation is a function of 
the hydrogen-wall interaction time which in turn depends on the available thermal 
energy to remove the atom from the wall [49]. These relaxation rates have been 
measured and are found to be [6 ]
, 'yiw — piw^w
and
3
72tu =  =  P2u,nw , (4.2.3)
where nw is the average collision frequency of the atoms with the walls,
Ab _ _ ( % K T \ 1/2
“  W bVa 5 “  {  Trm )  ’ ( J
where Vb is the storage bulb volume, A b is the storage bulb inner surface area and 
va is the average atomic velocity and p iw and p2w are the probabilities of relaxation 
per collision.
Figure 4.2.1 shows the temperature dependence of the longitudinal and trans­
verse relaxation rates. For temperatures below 2001'f, the relaxation probability 
per collision is empirically found to be p iw =  7.3 X 10“ 6ea:p(230/T).
The bulb relaxation rate, j b, due to the atoms escaping from the bulb is not 
listed in table 4.2.1 because this relaxation rate can be adjusted after the maser 
resonator has been designed. 7 & is a function of the bulb volume Vb, velocity of the 
atoms Uni and the entrance aperture area A a,
-10
I
-30
100 300
r IK)
F igu re 4 .2 .2  Average phase shift per collision of hydrogen atoms with a teflon 
surface (from reference [6 ]).
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Here K  is a correction for a collimating tube at the entrance of the bulb [15]. The 
relaxation rate can be chosen by changing the size of the aperture or the length of 
the collimator tube, such that the stability of the maser frequency is maximized. 
The bulb relaxation contributes equally to the total relaxation rates, 7 1  and 7 2  [47] 
and for a properly built maser, 7 1 7 2  ~  7  ^ [50].
The spin exchange relaxation rates are also not fixed. Since the spin exchange 
depends on the number density of atoms, n, and n is a function of the atomic 
beam current and 7 6 , these relaxation terms will depend on the maser operating 
conditions. This will be discussed in the maser optimization section. The spin 
exchange rates given in the table are approximate values.
frequency Shifts
The measured value of the hydrogen hyperfine transition frequency is always dif­
ferent from the true ‘free space’ value. This frequency offset adds uncertainties in 
the determination of the actual (unperturbed) maser frequency. As the operating 
temperature is decreased to 77K  and below, the frequency shift increases exponen­
tially.
The frequency shift mechanisms are listed in table 4.2.2. The largest frequency 
shift in the maser operating at 77K  is the shift caused by the atoms colliding with 
the teflon walls of the storage bulb. This frequency shift is given in terms of the 
phase shift per collision, <f>w, multiplied by the mean atom-wall collision frequency, 
nw, as [49],
A„„, =  . (4.2.6)
27r
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The phase shift per collision as a function of temperature is shown in figure 4.2.2 
[49]. For temperatures below 200JtT,
K  =  -3 .9  x  l O - W f ? )  =  -1 .1 4  x  1 0 - ,  (4.2.7)
and the mean collision frequency is a function of the storage bulb size and the mean 
atomic velocity, va. The frequency shift and fractional frequency shift are therefore,
Auw(77K) =  -0 .557H z  ,
=  -3 .9  x 10" 1 0  . (4.2.8)
Vo
Cavity pulling also causes a shift in the measured hyperfine frequency. When 
the hydrogen excites the cavity at a frequency u>0, and u>0 is not the cavity frequency, 
then the signal coupled from the cavity will have a measured frequency w, according 
to [47]
Qc(o?c -  w) =  Q/(w -  io0) . (4.2.9)
The frequency offset of the measured hydrogen transition frequency is found by 
adding Qc(u> — w0) to both sides of the above equation which gives,
— -(wc -  w0) =  (w -  w0) =  2ttAup . (4.2.10)
V/ +  Vc
This describes the hyperfine frequency shift in terms of the cavity frequency offset. 
As the cavity offset is increased, the hyperfine frequency is pulled away from the 
free space value. This process is called cavity pulling. For the compact maser at 
77K ,  assume that Qi =  5 x 108, and Qc =  3 x 104, now
. 1.5 x l O ' 5 . .
p = ----- 27T-----  _  ' (4.2.11)
If the cavity offset is 100H z, then the cavity pulling is given by,
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A i/p =  1.5 x 10 ~zH z
and
^  =  1.1 x 1(T 12  . (4.2.12)
Vo
The velocity dependent frequency shifts are smaller at 77K  than found in 
traditional room temperature masers. Other shifts in the frequency are comparable 
in both warm and cold masers. In total, the frequency shifts in the compact 77K  
maser will be 1  — 2  orders of magnitude greater than in full size warm masers.
Tem perature D ependence o f Frequency
Some of the frequency shift mechanisms in the hydrogen maser have temperature 
coefficients that describe the frequency stability of the maser oscillator in terms 
of the maser’s temperature stability. Therefore, the level of temperature control 
will also limit the level of frequency control achievable for the maser oscillator. 
The compact maser will have the same sources of frequency perturbations found in 
conventional masers and possibly some additional frequency shift mechanisms due 
to the superconducting nature of the resonator.
The frequency shift caused by the collision of the hydrogen atoms with the 
walls of the storage bulb (wall shift) has a strong temperature dependence at 77K  
[6 ]. The slope of this frequency shift increases exponentially as the temperature of 
the bulb is decreased. The sensitivity of the frequency with changing temperature,
Table 4 .2 .2
Frequency Shift
Wall Shift 
1st Order Doppler 
2nd Order Doppler 
Cavity Pulling*
Zeeman Effect 
Spin Exchange Shift*
Frequency Shifts for the Compact Maser Resonator
Equation ^  (77K) (S40K)
At»p _ I » J  
va 2 c3"
n ? 1 =  f e p f  ~ 3 ' 9  X 10” 10 ~ 1-° X 1 0 “ U
^  =  7 6.5x10-20 i .6 x10-2°
-1 .3  x  10“ n  - 4 .0  x  10“ n
1 . 1  x 10" 12  2.5 x 10“ 1 3v0 Sff vo
^  =  ZjZS-H2 <  10- 1 3  <  IQ" 13
=  & ?(<>M  - p> , 0 ) 6.4 X 10- ' 2  2.5 X 10- > 2
2.0  10 * ”
SO 8 0 70 80 9 0 100
T (K )
F igu re  4 .2 .3  Fractional frequency shift per milli-Kelvin due to the teflon storage 
bulb in the superconducting compact maser.
evaluated at 77K,  is given by
A ^ n *  A n . * .  = _ 0040^  ( 4 2 1 3 1
AT A T 2?r +  AT 2jt J f ’ 1 J
or a fractional frequency shift per degree milli-Kelvin of
=  2.81 x i t r ^ r m in - 1 . (4.2.14)
u0 A T  v v '
Shown graphically in figure 4.2.2 is the phase shift as a function of temperature 
from SOliT to 350-K". Figure 4.2.3 shows the temperature dependence of the frac­
tional frequency shift as a function of temperature near 7 7 K t indicating that as the 
temperature decreases, this sensitivity increases.
Through cavity pulling, the measured maser frequency can be temperature 
sensitive if Qi, Qc or the cavity frequency u c are temperature dependent. In the 
superconducting resonator, the possibility exists that the cavity quality factor and 
resonant frequency are changing quickly with temperature at 77K .  The sensitivity 
can be found from considering the differential changes in frequency as a function of 
temperature using equation (4.2.10),
1 A u p  A Qc 1 (uc i/Q)  AQ i Qc (vc i/0) A v c Qc 1 .. _
I/o A T  ~  A T  Qi u0 A T  Q] v0 A T  Qi u0 K '
The last term in equation (4.2.15) describes the maser frequency sensitivity to the 
changes in the cavity frequency. During the testing of the maser resonator, the 
resonator typically had a frequency temperature slope of 10* H z j K y therefore the 
hyperfine frequency will be temperature sensitive according to,
, - 1
A T  =  3QK
i - 2
400 100 12060 80
T ( K )
F igu re 4 .2 .4  Typical plot of the YBCO surface resistance versus temperature for 
the maser resonator electrodes. The slope at 77K  is «  3Qp£L/K.
It should be noted that this term is proportional to the ratio of Qc and Qi and as 
mentioned above, the line Q is relatively lower at 77K ,  increaseing the magnitude 
of this term.
This cavity pulling is also sensitive to the change in cavity Q as a function of 
temperature. The slope of the superconducting surface resistance (R a ) as a function 
of temperature (shown in figure 4.2.4)indicates that Qc changes by 450 per degree. 
Putting this dependence into the first term yields,
^ = 4 . 5 x l 0 - ' f c ^ }  (4.2.17)
A T v0 v '
This temperature dependence is linear with the cavity frequency offset. If the cavity
is mistuned by lOOO-Hz, then
A v  i n~4& Z^  =  4 .5 x 1 0  —
1  Al> =  3.16 X K T ^ - i  =  3.16 X 10““ - ^  . (4.2.18)
i/ 0 A T  K  m K  '
This is almost 3 orders of magnitude smaller than the cavity frequency temperature 
coefficient, calculated above.
Finally, the temperature dependence of Qi is found by finding the differential 
change of 7 2  versus change in temperature. Again considering that the cavity 
frequency offset is 1000172,
Table 4 .2 .3  Requirements to Maintain a Frequency Stability of 1  x 10” 15
Frequency Shift Requirements for ~  =  1 X 10“ 1S
77K  300iT
Wall Shift A T  =  3.6 x  lO"5#  6  x  lO"3#
Cavity Pulling A T  =  4.8 x  1Q~*K 2 x  10”4i f
2nd Order Doppler A T =  2.73 x 1Q~2K  7 x  10” 3 JR£T
Zeeman Effect (H  =  1  mOe) A H  — 2.5 x 1 0 “7Oe 2.5 x 10~70 e
100
This term is also small compared with the resonator’s temperature frequency sen­
sitivity.
These shift sensitivities are summarized in table 4.2.3. In this table, the great­
est tolerable fluctuations of temperature and dc magnetic field are listed as re­
quirements for maintaining a frequency stability of 1 x 10"15. The sensitivity to 
temperature fluctuations associated with the cavity pulling is the largest contribu­
tion to the total sensitivity. The size of this shift is strongly dependent on the cavity 
design; the loop-gap structure, as designed, has a large temperature coefficient due 
to the large expansion coefficient of teflon. This term could become negligible if 
the teflon support structure was replaced with a material with the same coefficient 
of expansion as the electrodes themselves. However, the temperature sensitivity of 
the wall shifts will always remain a problem for liquid nitrogen maser operation. 
Compared to a maser operating at 300/sT, the wall shift temperature coefficient is at 
least two orders of magnitude larger at 77K .  This increased sensitivity to temper­
ature fluctuations at 77K  requires that the cavity temperature needs to controlled 
more carefully to achieve the same stability found in the 300IT maser.
If great care is taken, the level of temperature control obtainable should be 
about 0 . 2  — 0.3m K  [51]. For the maser considered here, this implies that the fre­
quency will fluctuate, following the uncontrollable temperature fluctuations, corre­
sponding to a level of fractional frequency fluctuations of «  2 X 10-14. For compar­
ison, it is reported that for masers operating above 340K  the cavity temperature is 
assumed to be constant to 2 X 10” 5 /°C7 [20]. For this type of maser, the values for
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the measured coefficients range from 1 x 10-17/°C  [53] to <  5 X 10-18/°C  [6 6 ]. As­
suming that the 77K  maser obtain the same level of temperature control reported 
above for the 340K  masers, the best frequency stability achievable would be a few 
parts in 1 0 -15.
Other Sensitivities
The effects of aging (or decay) of the superconducting properties as a function of 
time would cause frequency drift of the oscillator. Aging is a problem in masers 
currently operating and is manifested in creep of the microwave cavity dimensions, 
degradation of the electronic components, and aging of the shield’s magnetic do­
mains [52]. Perhaps the 77K  operating environment would slow some of the aging 
processes but the additional aging of the superconducting properties must be consid­
ered as a possibility. The HTSSE project is designed to answer the question of aging 
in the possibly damaging environment of space. This question will be answered in 
the future, but for now, assume the aging of the YBCO-through radiation damage, 
oxygen loss, physical damage from vibrations, etc.- is found to be A  Qc  =  1 /day.  
Using the cavity pulling equation,
_1_ A vp _  A Q c 1  (yc -  v0) 
v0 A t  A t Qi v0
This change of the cavity quality factor will ‘un-puli’ the measured maser frequency 
and therefore be measured as a drift in the oscillator frequency given by,
- L ~ p  =  1.4 x 10- 1 6 c?ay- 1  , (4.2.20)
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for every 100H z  that the cavity is offset from the hyperfine frequency. For com­
parison, it is reported that active masers at 3407^ have a frequency drift less than 
10“ 14 per day [53].
The frequency of the maser is also a function of the applied dc magnetic field. 
The frequency shift caused by this field is given in table 4.2.2
A?/, _  2750
v0 v0
H 2 .
The sensitivity to the magnetic field is
1 At/* 5500 H . (4.2.21)
v0 A H  v0
Assuming that the applied field is ImOe, and the this field fluctuates by 1 %, then 
the sensitivity is
1 A n ,  .
=  3.87 x  10 (m 0e) .
Vo A H
This requires a very stable dc field source, the requirements of which are shown in 
table 4.2.3.
These fluctuations of the frequency will be filtered if the rf shield-can is made 
to be superconducting. The YBCO superconductor has been shown to shield/trap 
magnetic flux at temperatures below Tc [54]. The field levels required for the hydro­
gen maser are relatively low, about 0.5m<7. For higher field levels, more than 2 0 G, 
a time dependent decay of the shielding currents has been measured, where the 
trapped fields decay by about 3% after 103 seconds. Our measurements of shielding 
currents in a closed shielding structure have shown no time dependence within ex­
perimental resolution (lmC?) for times up to 106 seconds. As the time constant of
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the trapped flux becomes longer, the field fluctuations will cause frequency fluctua­
tions only for times on the order of the time constant. Therefore, a compact maser 
with a superconducting shield-can would still need a dc magnetic field source but 
the time constant of the YBCO could damp frequency fluctuations for up to 1 0 6 
seconds.
Sum m ary
The superconducting compact maser is expected to have larger frequency shifts, 
shorter transition lifetimes and greater sensitivity to temperature changes than a 
typical active maser. This is a consequence of the inner surface of the storage 
bulb having a longer interaction time with the colliding hydrogen atoms. The net 
effect of the changes in the relaxation rates and frequency shifts is that the maser’s 
frequency stability is more strongly coupled to the systematic fluctuations of the 
oscillator. In such a design, the temperature control presents a challenge. However, 
the superconducting shield-can could stabilize the resonator against magnetically 
induced frequency shifts.
CHAPTER 5
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5.1 T h e  Loop-gap R esonator
The loop-gap resonator is a type of magnetron resonator whose origins extend 
back at least to 1935 [55]. The applications and characteristics of this resonator 
design have been discussed in many (at least 15) publications over the past decade. 
Applications for this design are found in nuclear magnetic resonance, electron spin 
resonance, radar, and maser spectroscopy at frequencies from 200MHz to 11GHz. 
The compact hydrogen maser resonator using the lumped element loop-gap de­
sign was originally suggested by H. E. Peters [3]. Descriptions of the electric and 
magnetic fields in the loop-gap have been described by many authors. Prom these 
references, one finds various empirical relations for the frequency and quality factor 
as a function of resonator geometry. However, no analytic solution for this resonant 
mode exists. All of these articles mentioned above overlook the most striking fea­
ture of the rf magnetic field profile; specifically, the greatly enhanced magnetic field 
density at the edges of the electrodes. It is this field enhancement that dominates 
the losses in the superconducting resonator and leads to errors in the measured 
R a values for the YBCO electrodes. Moreover, a (maser) resonator’s filling factor, 
defined as the ratio of stimulating field energy in the maser interaction region to 
the total energy,
/ _  f a i n7) /rr2 \ 5/cavity
F igu re 5 .1 .1  Diagram of the microstrip, shielded stripline, and the maser res­
onator illustrating the analogy between the three stuctures. The direction of the rf 
magnetic fields are shown at the cross section.
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cannot be calculated properly without first accounting for this effect.
A general description of the resonant mode has been given in the other papers 
[3,56,57,58]. The magnetic nature of the mode is qualitatively similar to fields 
of a solenoid which is in an oscillating circuit. The currents flow azimuthally 
(solenoidally) around the electrodes, and consequently, on the surface of the rf 
shield-can. However, it should be noted, that although the current distribution on 
the surface of the electrodes is solenoidal, one can infer from the high frequency 
boundary conditions that the classical picture of a solenoid is an inadequate ap­
proximation. Since a solenoid has flux lines that can close through its body; while 
the boundary conditions in the loop-gap, in contrast, will force all flux lines to close 
around the ends of the conductor and not through the electrode surfaces, which 
results in substantially different distributions of current.
This loop-gap resonator can be best understood by analogy with the shielded 
stripline. Such a device consists of an infinitely long coaxial conductor of rectangular 
cross-section. Another related problem is the microstrip geometry where three 
sides of the shielded stripline are at distances very large (infinite) compared to 
the separation between the strip conductor and the remaining conducting plane. 
These three models, the loop-gap, the microstrip and the shielded stripline, may 
be considered as closely related problems as shown in figure 5.1.1. The coordinate 
system for these descriptions is one where the z  is parallel to the ground plane 
and perpendicular to the direction of current flow, which is along the strip. For 
the cylindrical loop-gap resonator, this becomes the typical cylindrical coordinate
107
system. The coordinate system for the striplines is rectangular but for consistancy,
A
the logitudinal direction is labled as the <f> axis.
The currents and the fields for these three similar structures can be described 
as TEM. The analogy between the shielded stripline and the loop-gap resonator is 
visualized by a transformation of the striplines longitudinal axis, centered on the 
inner conductor, to the circle that describes the electrodes circumference. Finally, 
the radius of what has become the inner shield wall is reduced to zero. In the cross- 
section of the loop-gap, in the r, z plane ( 0  <  r <  J2), the profile of conducting 
surfaces and the boundary conditions axe the same as the shielded stripline. Stand­
ing waves on the stripline structures can be compared with the resonant mode in 
the loop-gap resonator. At a specific point along the stripline, when the electric 
field is zero across the r, z  plane, the rf magnetic fields of the stripline will qualita­
tively map to the resonant magnetic fields of the loop-gap cavity. For the range of 
frequencies considered, the fields are TEM with respect to the currents flowing in 
the loop-gap <f> direction and propagating azimuthally between the electrodes and 
the rf shield.
The motivation for considering these other geometries is that an understanding 
of the simpler shielded stripline will lend insight to the loop-gap problem. As 
mentioned above, all of the geometries in this class of problems (microstrip, shielded 
stripline, loop-gap,,..) provide current distributions that are not constant along the 
strip or loop-gap electrodes width. Specifically, the current density increases sharply 
at the conductor edges [59,60,61]. This is true so long as the fields are considered
2
z(cxn)
F igu re 5 .1 .2  Distribution of the currents calculated along the z axis using three 
different methods: (A) conformal mapping, (B) Green’s function, (C) MAFIA finite 
element calculation.
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to be in the “quasi-static” limit; the fields are TEM and the dimensions of the strip 
conductor are small compared to the wavelength [59]. In this quasi-static limit, the 
current distribution is related to the distribution of excess static charge placed on 
the isolated strip conductor. This relation for the currents on the microstrip is
=  va (z)  , (5.1.2)
where v  is the phase velocity and <r(z) is the static charge distribution. The solution 
for an infinitely thin isolated conducting strip above a ground plane was derived by 
Maxwell [62], He found that by using a conformal mapping technique, the static 
charge distribution on an infinitely thin conducting sheet above a ground plane is 
given by,
cr(z) ”° , (5.1.3)
»yl-(2*/Q
where I is the half of the width of the strip conductor (I =  L j2) and z  is the point 
along the strip where the charge is evaluated. The coordinate system is the same 
cylindrical system used for figure 5.1.1. In this solution the current distribution is 
infinite but integrable at the conductor edges.
A more realistic solution is found by using a Green’s function method [60]. The 
Green’s function and conformal mapping solutions are plotted in figure 5.1.2.The 
general feature of both of these solutions is the uniform current distribution in the 
center of the strip, and a sharp increase at the edges. For the shielded stripline, the 
edge currents on the strip are further increased by the existence of images in the 
shield wall [59]. Again, this is analogous to electrostatic image problems. Recently,
X A f t A
i  a S A a x A t r ?  o r  t u t  m a s  * *T37*<4i»**cQ*i*(  s . a o m s u  a . a a s i .  a «  IP W 7 ; : : n  » 4 « a ! 0 . i i « o i 7 » i  :  . 5 s#i. a * 1
f ’ C Z Z A' .
e a t f T s w "
m o »
3 .  r c s b i
MOOS UX
n  s a w n
1 U '
H i m  r i  
r z * 3  z  ■ a  .
MAX I I I  
I .  7 S - <
L
X
LOT
e i  
.  * i  
A H I  ■
a s
. o w -
4
< 0  &  0  0  0  
< 0  0  0  0  0  0  
®  < 0  0  0  0  0  0  0
^ ^ ( 0 0 0  0  0  0  0  0  
0  0  0  0  0
0  0  0  0
0  0 ® ®
®  ®  0  ®
O O O G O O O f l l k ®  «  ® ®
O O O O O O O O  ® •  «  «  ■  
O O O O G O G O ^  a  «  «  «  «  
O O G O O O O O O l  * •  ® *  ® 
G O G G G 0  0  O  0  j • « •  •  •
G O O 0 O G O O O a ■ • ♦ « ®
F igu re 5 .1 .3  Distribution of axially directed rf magnetic field in one quadrant 
across the center of the cavity. The size of the circles gives the relative magnitude 
of the field. The gap between the electrodes is along the x axis.
1
z (cm)
F igu re 5 .1 .4  Profile of the magnetic field energy along the i  axis where r =  
showing the solenoidal field profile within the interaction region o f the cavity.
LR
0
Figure 5 .1 .5  Plot of the field energy in the r — z  plane. The peaks in the energy 
distribution are located at the upper and lower edges of the electrodes. The relative 
magnitude of the fields in figure 5.1.4 are nearly too small to be seen on the scale 
appropriate to the peak field values.
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an exact solution for the shielded stripline problem was published demonstrating 
that this electrodynamics problem is contemporary and non-trivial [63].
Unfortunately, the exact solution for the shielded stripline does not obviously 
transform to the cylindrical geometry of the loop-gap. Instead, a three dimensional 
finite difference code, MAFIA, was used to investigate the fields [67]. Plots of the 
magnetic and electric fields from MAFIA confirm the qualitative field descriptions 
reported in other loop-gap papers. As expected, the electric field is concentrated in 
the gap regions and the magnetic fields are generally in the axial direction within the 
interaction region of the maser cavity. Figure 5.1.3 shows the distribution of axially 
directed magnetic field in one quadrant across the center of the cavity. The field is 
described by arrowheads (0 ) and arrowtails (<g>) to indicate the direction, and the 
relative magnitude is given by the size of the circles normalized to the largest field in 
the quadrant. Figure 5.1.4 is a plot of the rf magnetic field magnitude in the center 
of the cavity (r =  0) from z =  0 up to the shield-can endplate, where z  =  L f2. 
From field profile measurements, it is found that this axial profile is very similar 
to the static fields of a dc solenoid and its image, so that the boundary conditions 
are satisfied at the endplates. However, in the regions near the electrodes, differ­
ences between the solenoid model and the loop-gap arise from the high frequency 
boundary conditions on the electrode surfaces. The current is distributed to satisfy 
these boundary conditions as shown in figure 5.1.2. Figure 5.1.5 shows the profile 
of magnetic field energy across the r, z  plane, where 0 <  r <  R. The enhancement 
of the magnetic field energy at the edges of the electrodes is as expected, and is in
E lec tro de
R ad ius
Electrode
Length
I (c m )
Figure 5 .1 .6  Plot showing the product of 77’Qc as a funtion of the electrode length 
and radius calculated for a give shield-can geometry.
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agreement with the stripline analogy.
The significance of this magnetic field energy distribution, and the effects this 
will have on the performance of a maser, is that the filling factor and the distribution 
of power losses in the resonator cannot be accurately calculated without knowing 
the fields. If the magnetic field is constant in the interaction region then the filling 
factor is approximated as [3],
(5.1.4)
where rj is the bulb inner radius. From figure 5.1.4, it is clear that considering 
the fields to be uniform causes an over estimation of (Hx) lulb. When the total field 
energy is summed over the volume of the cavity, the concentration of the fields at the 
edges will lead to an underestimation of {H 2 ) cav ity . Therefore, the approximation 
that the fields are generally uniform leads to an overestimation of 77'. For example, 
the filling factor for the cavity design shown in figure 2.2.4 is 0.30, compared to the 
uniform field approximation value (equation (5.1.4)), rf =  0.40 when =  2.2cm.
The current distribution on the electrodes and on the surfaces of the shield-can 
will vary in the same qualitative manner as in the shielded stripline. As the edges 
of the electrode conductor are moved closer to the shield surfaces, the currents will 
increase in this region due to the image currents on the shielding surfaces [60]. 
This change in the current distribution increases the local field energy and thereby 
reducing the fraction of total magnetic energy in the interaction region. The effect 
that this has on the Qc and 77' is shown in figure 5.1.6. This graph shows the 
product of rf and Q c as a function of the electrode radius and length for a given
z (cm)
F igure 5 .1 ,7  The component of the rf currents on the electrodes that are per­
pendicular to the direction of the TEM currents. The upper curve (A) is from 
the MAFIA calculation and the lower curve (B) is from the relationship given in 
reference [59].
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shield-can size. The maximum for this product is found in the region where the 
electrode radius is about half of the shield-can radius and the electrode length is 
about 80% of the shield-can length.
Measuring the Qc, and therefore surface resistance in the YBCO superconduct­
ing resonator, is complicated by this current distribution on the electrodes. It has 
been shown that the R a of polycrystalline YBCO is dependent on the magnitude 
of the rf magnetic fields at the surface [64]. The expected behavior is that the R a 
remains fairly constant with increasing surface field up to a critical value, then R a 
will increase sharply with further increases in the field. Figure 3.2.4 indicates that 
for a broad range of rf power levels, some part of the superconducting surface in 
the loop-gap resonator is experiencing field values beyond this critical point, even 
though the input power to the cavity is as low as —3Qdbm (the coupling Q was 
>  1 0 6). This effect makes the characterization of the resonator surface difficult but 
should not be a problem at the picowatt power levels expected in an oscillating
maser.
Previously, an assumption has been made that the frequency is sufficiently low 
so the wavelength is much larger than the dimensions of the strip and the fields are 
perfectly TEM. The effect of operating at a frequency where the wavelength is on 
the order of the strips dimensions is that a perpendicular component to the I z(z) 
vcurrent distribution, is also present along the strip. It has been suggested
that the form of this component will be similar to [59],
' i*o sin (^ fj) , \z\ <  O.8 5 ;
Iz(z) =  (5.1.5)
J,o cos (J f .)  , 0 .8  ^ <  \z\ <  { .
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The magnitude of Izo is proportional to the normalized strip width //A, where A 
is the wavelength corresponding to the resonant frequency. When //A <  0.1, the 
average current amplitude Izo across one half of the strip width is less than ten 
percent of the average value of the current amplitude,I$(z =  0). For the cavity 
considered here, the condition that l/X  <  0.1 is not satisfied. Specifically, for an 
operating frequency of 1.4:2GHz ( corresponding to a 21cm wavelength ), and an 
electrode length of 5cm, this cavity is not obviously operating within the quasi­
static limit. This would imply that in the maser resonator, the currents no longer 
flow only azimuthally around the electrodes but that there is also a component to 
the flow in the longitudinal direction. Shown in figure 5.1.7 is a MAFIA plot of 
I z (z) oc B<f> at the surface of the conductor compared with the function in equation 
(5.1.5). The shape of this curve is similar to that expected from a stripline where 
I ft 0.1A. However, the transverse fields from the Iz current components, as found 
in the numerical analysis, are much smaller ( <  0.01%) than the magnetic field 
component parallel to the z  axis over most of the interaction region, therefore this 
will not be a serious perturbation to the maser oscillation. However, if the overall 
size of the loop-gap cavity increases, this effect also increases and, at some point, 
would become significant.
Using the stripline analogy to understand the nature of the loop-gap resonant 
mode has proven very useful. Without this interpretation, the experimental re­
sults in figure 3.2.4 could not otherwise be explained. The solution to the loop-gap 
resonator current distribution is also a valid solution to other boundary value prob­
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lems that otherwise are very difficult. For example, the high frequency boundary 
conditions on the surface of the electrodes are the same as the dc magnetic super­
conducting boundary conditions (Meissner state) in shielding problems when the 
shield-can is large compared to the electrodes. Therefore, the current distribution 
from the loop-gap resonant solution is essentially the solution to a superconducting 
cylinder in a longitudinally applied magnetic field; the currents distributions on the 
electrodes are the same as the current distributions on the superconducting cylinder 
described above.
For the evaluation of the compact maser, the most important result from the 
numerical analysis is that shown in figure 5.1.6: the relationship of the cavity Q and 
filling factor product as a function of cavity dimensions. W ith this relationship, the 
cavity design can be optimized to achieve the greatest stability.
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5.2 O ptim ization o f  the Loop-gap Design
In order to find the loop-gap maser resonator design that will minimize the Allan 
deviation for integration times between 100 and 10000 seconds, the 0 7 (7-) due to 
thermal noise within the atomic linewidth must be minimized. The goal is to 
express cr/(r) in terms of geometric variables like the resonator length and diameter 
as well as the cavity quality factor, Qc. The bulb relaxation rate 7 &, will be taken 
as an implicit variable, and thus given fixed values. The spin exchange relaxation 
rate, 7 „,e,, can be removed from the expressions for the deviation because there 
is a minimum in the deviation with respect to 7 3 .e.. With these simplifications 
and the relationship in figure 5.1.6, the filling factor and the quality factor as a 
function of the cavity geometry, the deviation can be minimized in terms of the 
cavity dimensions.
The thermal frequency noise term of the Allan deviation from equation 1.3.15
is
=  ( 5 ' 2 -x)
Where Qi is the atomic line quality factor, k is Boltzmann’s constant, T  is the 
temperature inside the cavity, and P  is the power delivered by the atomic beam 
to the cavity. When < t i ( t )  is plotted on a logarithmic scale, the function is a 
line with slope of —1/2. Therefore, minimizing at a i(r  =  1 sec) will describe the 
deviation for r  values up to where other random or systematic deviations dominate; 
10000 sec.
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Equation (5.2.1) can be written as
=  V ^ VpT1'2 ( 5 2 -2)
when Qi =  ttu0T2 . The first term under the radical is a constant when evaluated 
at the operation temperature of 77K  and for the operating frequency, v0, equal
to lA 2G H z. Therefore it is only necessary to maximize the product PT% for the
thermal noise deviation to be minimized. Separating out terms that are constant 
for changes in cavity geometry and defining these terms as constants A  and B , we 
have
P T i  =  B V i  ( ^ - )  -  J L )
\ 7 2 /  V 7 1 7 2  r)!QJ
A  =  (5.2.3)
navr
2
W b
The total relaxation rates are defined as
71 = 7 6  +  7lu>+7ls.e.
(5.2.4)
72 — 76 +  +  72a.e.-
In the above expressions, 7 1  and 7 2  are the total longitudinal and transverse relax­
ation rates, respectively. 7 i s.c, is the spin exchange relaxation rate. As described 
in reference [47]:
7la.e. =  272a.e.
/ t r y ' 2 (5-2-5)
=  ncrvr =  na4 [ ----  ]
\ 7 r m  /
Here, <7 is the spin exchange cross section, vr is the average relative atomic velocity, 
and n is hydrogen density given by
n  =  I- 2 ^ .  (5.2.6)
Vb
P.T
$ 
x 
1
0
-1
5
2.4
Spin Exchange Relaxation Rate
F ig u re  5 .2 .1  The product of PT$ as a function of which is proportional to
the density of atoms in the storage bulb.
Electrode  
Length
/ ( c m )
F igu re 5 .2 .2  The product of PT^ evaluated at the optimum atomic density is 
shown as a function of the electrode length and radius for the shield can shown in 
figure 2.2.4.
124
The relaxation rates, <y\w and 7 2 u, describe the loss rate of the desired atomic state
and loss of phase coherence between the atoms due to collision with the sides of the
storage container. For this atom-wall interaction, p iw is defined as the transverse
a function of 7 i a.c. is shown in figure 5.2.1. By setting the derivative of P T f  with 
respect to 7 1  a.e. equal to zero and solving for 7 i a .Cl, we determine the condition 
where is always evaluated at the optimal beam current. This condition on 
7is.e. is in terms of the other parameters and is substituted back into equation 
(5.2.3). This ensures that the product of PT% is always evaluated at the optimal 
hydrogen density within the bulb. It is found that 7 i a,e. for optimal stability is
relaxation probability per collision and rc is the average time between atomic wall
collisions [6 ]. At 77K  and for Ab defined as the surface area of the storage container,
1  mean atomic velocity
mean free  path
(5.2.7)
Since the spin exchange relaxation rate is proportional to the hydrogen density 
in the bulb, we can solve for the condition of optimal density. A plot of P T f  as
given by
2 (72m +  7ft) (272u> -  Tim +76 ~  2A'ybT]tQc) 
7i w ~  272 w ~  lb ~~ 2AibijrQc
(5.2.8)
We consider that the bulb relaxation rate can be adjusted by changing the
collimator tube length. All the other variables are dependent on the particular
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10
F igu re 5 .2 .3  The Allan deviation as a function of the integration time for three 
different cavity geometries: (A) optimal design according to the electrode geometry 
with maximum P I? , (B ) the cavity shown in figure 2.2.4, (C) a cavity designed for 
maximum tj'Qc-
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cavity geometry, such as the filling factor, the bulb volume, the atomic collision 
rate with the walls, and the quality factor, Qc. Since no analytical solution exists 
for the fields in the cavity yielding analytical expressions for Qc and 77/, a numerical 
optimization has been performed by choosing a shield-can geometry and finding 
the electrode geometry that would give the best stability in that case. In order 
to find the optimal resonator design, many iterations of this process were needed. 
Figure 5.2.2 shows the value of PT? plotted as a function of the electrode radius 
and length for a given shield can geometry. There is a maximum of the product 
P T | as a function of electrode geometry which indicates the optimal design for the 
resonator electrodes with this particular shield can geometry. The cavity geometry 
where this maximum occurs is determined by the collision rate o f the atoms with 
the storage bulb walls, because the wall relaxation rate, 7 2 w, will dominate PT2 . 
It is indicated from the equations above that the minimum Allan deviation can 
be achieved for larger storage bulb volumes. In fact, in the limiting case where 
l t / l b  1) crl(r ) is inversely proportional to the bulb volume. Therefore, if the 
overall cavity size is reduced, the stability is also reduced.
The Allan deviation can now be calculated for any given loop-gap cavity design. 
This is shown for three cases in figure 5.2.3. A cavity geometry designed using the 
maximum rf'Qc criteria will have a narrow storage bulb and therefore a large wall 
relaxation rate. This is represented by curve C  in figure 5.2.3. Curve B  describes 
the predicted level of thermal fluctuations for the cavity shown in figure 2.2.3. Curve 
A  represents the minimum fluctuations for a cavity with a shield-can diameter and
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length equal to 7.5cm and electrodes 6.8cm in length and 3.2cm in radius. The 
level of fluctuations is reduced by a factor of three in going from the ri'Qc geometry 
to the PT? design where <7/(1) =  6 x 1014. The Allan deviation due to thermal 
fluctuations in this cavity would limit the stability at <7/(10000) =  6 x  10-16. Also 
shown in figure 5.2.3 is the measured Allan deviation for an active maser currently 
in operation at the Naval Research Laboratory [53]. From about lOsec to 103sec 
the calculated stability agrees with the measured results. Therefore, this compact 
maser design at 77K  could be competitive with full-size room-temperature masers 
if the systematic effects listed in table 4.2.3 can be controlled.
CHAPTER 6
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CONCLUSION
Hydrogen masers axe the most stable frequency standards available. The ap­
plications of hydrogen masers in space programs like GPS are limited by the costs 
involved in launching full-size masers. Miniaturized masers have been suggested, 
including a loop-gap resonator design which reduces the size of the overall maser 
package but also reduces the cavity quality factor to a point such that hydrogen 
atoms cannot provide enough power to sustain self oscillation. As discussed in this 
thesis, a loop-gap resonator has been constructed with superconducting YBCO sur­
faces that reduce the cavity’s power loss resulting in a Q c of 31000. The loop-gap 
resonator has been evaluated as a 77K  maser resonator. Noise measurements indi­
cate that the resonator should be redesigned to minimize vibrations and frequency 
drift with temperature. The fields of the resonant mode have been calculated using 
a 3-d finite element program yielding an empirical relationship for the fields as a 
function of resonator geometry. This relationship is then used to optimize the cavity 
design for greatest maser stability. For comparison, a normal conducting loop-gap 
resonator at 77K  has a Qc of about 12000. This improvement of the Qc, due to 
the superconducting electrodes, is enough so that this compact maser design can 
sustain self oscillation.
An electrophoretic process was used to create the superconducting thick film 
surfaces. The electrophoretic deposition of YBCO thick films on silver substrates
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yields surface resistance values that are about 4 times lower than copper at 77K  
and 1.4:2GHz. This thick film technique allows the deposition of superconducting 
films onto large non-planar surface areas. With the electrophoretic technique, a 
superconducting loop-gap resonator has been constructed in which the loop-gap 
electrode structure is completely covered with the YBCO material. The total su­
perconducting surface area in the resonator considered here is about 160cm2.
The loop-gap resonator is a simple resonant device that has been successfully 
used for many applications. An exact solution for the fields of the loop-gap does 
not exist and therefore, empirical relations have, in the past, been developed to 
qualitatively describe the. fields, energy, frequency, quality factor and filling factor 
of the cavity. These empirical descriptions of the rf fields have failed to consider 
features of the field profile that are expected from the high frequency boundary 
conditions. In this thesis, a new approach is introduced in which the loop-gap is 
considered to be a type of stripline device. Considering the loop-gap electrodes 
as stripline conductors above a ground plane ( where the shield-can is the ground 
plane) leads to the conclusion that the rf magnetic fields are greatly enhanced at 
the edges of the electrodes. Such a field distribution is known to exist around 
stripline conductors. The existence of the field enhancement at the electrode edges 
is manifested as a power dependence in the measured YBCO surface resistance. 
The three dimensional finite element code MAFIA was used to confirm the field 
distributions, calculate the filling factor and find the cavity quality factor for this 
type of resonator.
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With the results from the MAFIA calculations, the cavity geometry has been 
optimized to yield the minimum Allan deviation of frequency fluctuations from 
thermal noise within the linewidth of the hyperfine transition. The optimized cavity 
design is calculated to have an Allan deviation of 0 7 (1 0 0 0 0 ) =  5 x  10“16. This 
indicates that there is no fundamental reason why the compact superconducting 
hydrogen maser would not achieve nearly the same stability measured in a full size 
active maser.
There are known difficulties to operating a maser at liquid nitrogen tempera­
tures. The relaxation rates, frequency shifts and frequency shift sensitivities have 
been calculated to determine which parameters of maser operation will dominate the 
systematic fluctuations in the oscillating maser. The temperature sensitivity of the 
compact maser places strict limitations on the allowable temperature fluctuations of 
the maser cavity. The sensitivity of the maser frequency to temperature fluctuations 
requires that the cavity temperature must be constant to 3.6 X 10-5 / f  (considering 
that a redesigned cavity has reduced cavity pulling temperature sensitivity and the 
wall shift sensitivity is dominant). This is within the limit of achievable tempera­
ture control as suggested in reference [20]. Therefore, the systematic fluctuations 
of frequency due to temperature drift should allow frequency control better than 
1 x  1 0 ” 15, which is more than an order of magnitude better than current GPS 
frequency standards.
It is concluded from the above summary that the superconducting compact hy­
drogen maser presents a challenging yet feasible opportunity for a compact highly
stable frequency source. Several aspects mentioned above deserve further consid­
eration. The cavity should be redesigned to minimize mechanical vibrations. The 
results of the HTSSE project can be used to determine the degradation of the 
YBCO superconducting properties in the space environment. Furthermore, the dc 
magnetic field behavior of the maser cavity with a superconducting shield-can needs 
further investigation and development. Finally, servo techniques for temperature 
and frequency control of the maser oscillator will need to be developed and applied 
to this particular application.
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